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I.

i.

1. 1

(2)#m#±%ga#^f-m#mi#yxT-A%#(7)^, (3)t%hwm, ^

###1% p n » m n

vmo • n¥s®e8$sss$x, u >i/yxrA

mmumzi>;j-T%-m<nm3£ (sssfeg ®e, s», ss) t>wya-

JF®M?S, |a] A: X zl -JH; 2ft 5StWtMBt AX t A ® Elttf tf56$, ft

a, t5SMte:7 7'f A'COKB) £S6ELt = FBG-fe>ttfflS6SfS:»64l;:®L,

ISIS® PJ^sSSSr Ail© L Jim-S^iiEvXxAir^o fc„ ;#EittlR® MIR Italic to

3 tF=fll;:$$LfcP9EB®

XtxX U >y->X7=-A®E5S) ttigtiiSticSh/X

AIfjS«®frCFRPg$'xaffl-r?>, *Afflt£X Tf'/WWMfgiftiiaA

xtXX&lfSTSi:tfel:, MfSiRA®?US • $|WjB$6B8Eail£->XtA6

CFRP3S$h — FAAtm&AttX FA -y tAttlcKffl AT,

EL, SIS • $ • #fS^titi->XAAALT®S6®tSS6ELfc„

BiEW#

smat$eic£ d 1*1 rnits$itai l, «^sf*®fsticff&7isiiA®S'>

«t»Hf®{ST^Lt§SMfS$S*-ftX#SGtS«|gL, AAxtxXU >

ftmt L Tfciligffi to#8414 656E L fc „

-Summary-
FY2000 Research Summary of Structural Health Monitoring Group

The structural health monitoring group is developing a health monitoring system 
which conducts real-time damage detection and self-diagnosis as well as damage control 
in light-weight composite structural systems. The research themes include: (1) 
development of high-performance sensor system technology, (2) development of a
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damage detection and self-diagnosis system for structural integrity, and (3) development 
of application technology for model structures. Summary of research accomplishment is 
presented for each participating organization.
(1) Shimizu Co.: Further Development and improvement of strain, temperature and 

displacement sensor elements using FBG sensors for large-scale civil infrastructures. 
Application to a real high-story building using 64 sensor elements and successful 
demonstration.

(2) Mitsubishi Electric Co.: Development of optical fiber connectors for FBG sensors in 
CFRP satellite structures. Application of simultaneous strain and temperature 
measurement system to CFRP face sheets of honeycomb structures in space chamber 
tests.

(3) Hitachi Co.: Application of light transmission and reflection sensor system for semi
transparent composites in vacuum and low-temperature fatigue tests. Quantified 
evaluation of loss in light transparency and reflectivity due to microscopic fatigue 
damage in practical environments.

1. 1. 1 - Xjh-XA:#:
(i)

(2) ##5 12
(a) XJD-XA#:

m 9t m s 10 11 12 13 14
(a)

MD,S,HS
©3tt

(a-1) 7,£7 7'i';x-t>-y-s • SE •
(a-2)
(a-3)
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CtlGtofitiKStxhlX 12 % i: 14 B W 6 tl.5Sttlg-feXE
'>x^AS«0ffi58S*sncffv^ofe, tximtjg,
E £ B16 LfcSHIbfttrtc A 0 ±8g& *5 ® TBFSE SIS® /X AlAMlcR, (1) iHS^toASSII
#®mmmx'xA-t: fbg of», mm, m4#ism%x y< A#atx»xxf-
A6EfflT5Ci:, (2) AlSiS CFRP $&AxAA#®to^6SJ$IS^lcS{S^t±lfll7,£7yA 
/t-feA-y-AXT-ASEffl-rsGt, *5=ty; sefflriA^ 5,t£«®M5g, (3)
®Sffl6 B® Lfc^iiBMSmeSiWSliero^iSffi • %SW@tX+t-XX^AI:A%AJFx 
FrXX'J >X*f£«®«SS> &ifcOBMiifS£BffiL'fc„ tX»mA#*A%

• m&xx-x&k&femmm&zJitzmmm
ifft^JUDmmZ, XSA^ch®*|BlE9EAA ri«#tf5 6® <h LZt„

(3) 12

'SASfcfSti;, Vfi8 10-11 ¥S®tit$SBS$A, KUBSItiffl Ajl/X^ExX V ->X^A5lE 
ami=#T6-im®m% (*&m fbg <ei4, $*, s®

->X7=-A®isit*5«ky:ses, i+ffl, emm^xy<x®mm) &%
ffiL-fc. FBG -fe>-ti-®sesim 64 ICitU l$8®E^titi6£AtMlG±@5m->X:rAi:&o 
fc„ *EliB®a®Mlic*3V1Tfiff&#fcGAG, 3#mil:@%L4:#%Bg (ass 
#m#mAAxt%xu >x''>xt-a®m§8) tsstoMsn/x 

hmmma, ai«s#s(* cfrp ss/xbuts, #Am%xyA;wm%Fim&@ix^3 
AX^sMfersitfetx nja^*®?as • si?)Bt«»)SSj£'>x^AS: cfrp s&t-FA 
A 7‘aiA*.-y-> FA x AA tAHcEffl LT, E*SstK&5lffiG, fi* • 2 • fm&fflXX-rA 
t LT®seffltt6SELfc.

BffiSlFim S1S6. • *3$JS«Atc43tj-5@«i»S5#S5E}e{*®S^e:®SfT®, %s 
iStottiSSI:A 0 Rmifi& 1+911L, S^#fe®%tlc#ft5ili@),£®«/>eASiHt®fST*tc

AiFXtxXU XX'K#ACT*m@&®##lt&%E
UAo
SSA^tt. *g FBG tX+h#&»lGA-5-m%#l^###im@(4]® 90 SIXxyXfcA 

o’*r=fl#M^»3i^, j3A^®a###$e®. #mA&A CT®#ma&%ELA.
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1.1.2 u

(i)
'.eft? I m&i£< :i3dnrv^M)v.

A'l4&f*Ef6¥&6LT. %-y 7 -fA'-fc >+!«£¥ I't'xJUt
$-±*#im#l©#

y u /{'■-/Xta®

(2) f?EMI9g
¥56 10 ¥6, 11 ¥8®W%M%56$SS8$xT, tiTtoESSIlflESSliS L Ac,

i) FBG(Fiber Bragg Grating)®;^ X 7 -f A'-fc >¥¥ Xcl —15© IB Jfi-fc ck
ii) SSSEfiiStlfflAll/XyrXy U >X*'>X¥¥HSEa^

(3) FBG -bXtl^Xa-lbtoSKilckV'iltltliC,®
FBG g%X Xtl (£IT, FBG-feX-y-tfBT) SEMIS • ±*#$jfitl^\©B

ffi-f-SAefe, FBGO'f^t>-y-tya.-Jk FBGi®t>ttya-;K joJxV'FBG $ 
<i-fe X-y-t-XzL—;i/®SfE£ffK xtib LAc,

i) FBGOf^tl'ttyi-ll
em$ • ±*s®titcxy¥5t>T>it$|iic*3virtt, vtMfrZMMt&trigft.&fiimL 

Ac A T' ©• ¥ - X A$ E < ¥ © 6 il T S Ac, —FBG -k>t5^4fX)RT©#fi 
i/y X'toiSS&SttXtV^
:fb ( 1 ¥®!tay-X*;KX«a© FBG SiSafS) AW#g

*1

^6, of®.y—/ofttiLTfbg-fe>-y-©iiffl*iy:#<W3t#4nT©s„

@#Am@ (uvx
±*#m%^FBG fbg

■y-EE{y*txa-C.'©SS&&5^SAs'i8 0, SESS
hxy 7 ©i|-a-ft(5250/im) TS>-5 £ i Ae t*A'G , -fe>

*yt3¥jitt©{£T, tnvTtti:
> y S #: © fllltt © <S T Ai'S,-t $ tl 5 o

X ©Ac©, EM® • X i&nrtgif S FBG tA-f©--fe>
■4Fya-;l$ Fig.l.1.2.1 IC/STS 0 SfE L Ac,'

*t X+ltXcL-ll/M: FBG EXE#ES, #jmi&mbA:Ammtc@#LAc#M&# 
KTA-SAcA. FBG EXE§#©##&*&A C 6A(< , ItRWggMEijPllXiilBT 
SXtAGiJtgtAfoAc,
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Fig.l.1.2.1 FBG

ii)
FBGt^f-^TFf^^fkcD#^^#^, FBGir

(Bragg#,
(OT^ 1.2pm/n strain ■•• (l)

- 13pm/C - (2)

L^: FBGm^'k>'f-^^a-;ix^ Fig.l.1.2.2 (Dj: ^

Fig.l.1.2.2 FBG^-k^f-^^zL-yl/

Fig.l.1.2.3
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8000

7000

5000

4000

2000

£ 4000

250

Fig.l.1.2.5 FBG

^^6 C ^ [Kl, FBG tr Fig.l.1.2.6

Fig.l.1.2.6 FBG^#-k>/f-^zi-/l/

iv) FBG t 9 fmm

FBG b (^g Micron Optics %
FBG-IS) C#7c& Table.1.1.2.1
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Table.l.1.2.1 FBGt>f-#+#j^^^

1530nm - 1570nm

1pm t^yH

± 10pm

12bB

50Hz

±m FBG # 30

&/J' FBG mm 0.5nm

ZfL(Cj:6(&:, 1530nm~1570nm (^=^40nm)
6:,

^33,000/; strain - (3)

^(1#^, (3)^^^^L6y
-Y f" ^ y 9 Vyi/^c WDM (Wavelength Division Multiplexing ; 'SEiES'll) V1
T#mLTV'5:L<k&mi-o

FBGt>f-(D#m<h(D±pm(l, FBG±>f-^-#iJzi.zz^P(7)^^C^^, #

^m^]^ 3000//strain#^L, ±3000//strain(DI>-f^#J^^^#i-6#^^M, FBG 
6 # d: ^ 6o

i) x^^miS^O^W^o Jz tF'Hx aE:

Fig.i.i.2.?(c^i-Z9^,
#]&12|^#T(Dt:Vix^B:^L^:o gEW^jcU^Fig.l.1.2.8



ft}
 aj

Table.l.1.2.2
FBG /lx 12

FBG ^^-/L- 2

FBG Of 12

FBG "e^zL-/k 4

FBG f /lx 27

FBGm^t>f ^^^-/ix 1

^fc, ffi'J^--y h LTV^c FBG-IS (^d Micron
Optics %#) KXt:b%, FBG-SLI (|W|%)

(Cig^ <k#^r L^o Table.l.1.2.3

Table.l.1.2.3
Number of Channels 4

Number of FBGs / Channel 64

Wavelength Range 1520nm-1570nm

Optical Power / Channel >■10 dBm

Optical Dynamic Range >30 dB

Resolution >1 pm

Laser Linewidth >1 GHz

Scan Frequency 100 Hz

A) Fig. 1.1.2.9 (C
(Table.l.1.2.2
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(Lh-f

Fig.1.1.2.10

/^o

60 FBG t

. Fig.l.l.2.10 19 C,
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(5)

10^^)
. ±sm# - L7b

^fjV\ (4^^11,12^^)
. ^/ixX^ez:^ 9 FBG-k^f-^e^zz.—

U y fA(D##t^^To/Co (4^^c 11,12 #^)

(4^mi2^^)

(6) 4; <k #)

j:^T, ^77^/<ir>f-^m^yc±gW## -

^XLT, FBGMJ^-^y ^^%(Dr6]±^,
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1.1.3 ytx y y A-feX+HcAS AIES#®® aaL-x^EaX 'J >X*

(1) Bto

®x*>, AlffiSilSJttilfcA
ax^baxy xx’xxffaicwtsfcfflT.
■tfc®-?£>3. SSSliiSlctms aaFx^aX IJ >XXXTA®3ttiHfc®fc$blcl;i, %#-
$i##m^®*x 7y A®iMK#®w#, ^@m#T-e®^x yy/^tx-y-^xf A®

xF <-at*¥s

tt, xti6®^y x ficshsut, ?y /xx t
xx®w%, fbg x y y/xtx+FxxTA®#m#E, #amm
a'ti'R#® IC#W®SlSyi IXEB'l" -5 SfllOl&tBSrfr&X fc.

a) %A#m#a#A&»m%7xyx:]^xx®im%
%xyy Atx»&m®^AAFxtxxy xxicMLTti#A;%#MAXfykyiT0 6^, 

#m^®t X+F®&#^S«6&»®^&lcMf 6#eil#<6®. Sl^to^iStl-xto-feX 
y-®iiffls#A-5Be- sfhs<, ##mx,mmA^X7yA®mom®®#L$Amw\
- FAFAAxT^S. *fc, M%XA;FT%#$4i6 7KXyy/XSAiX*%^###a0 
^•< ti, «Jg6®S8B* -Bt^X y y A® IJ - KSIWttiT® 3 A Az55:S-®^\ C® Ax/Ax 
>7-f^al/-ya >TllI®aSffl F U 5 XX’^ff&X C «*fflAAFX
Fx7y>x->xfA®Mft0fci(). tt^y*4#ieics»a»^"itgT, y-F8K®7t 
X y y A' A®*flSrtXbJ«g&ftX y y Ax tX X £M5i§-f 5 21 tT C ® A x&P51ffl«S: 
m-otz,

H 1.1.3-1 1C, M% VAct^X y y An t'XX®S$$r$1"= ICSA&&
n-5X/y FSSttXryFXiTgy, #iSAg;®^X yy/ii#ia^a;®^X y y A® 

ArttTSSt"5fc®® Vi#6Wt58E$Eti:. 7AF3 tit*fe5. 
EfflTSTfcX y y/Xlctt, 40 Aim 43 AlA 125/Am ® 2#ESS$Ufc„ * X * X X
tt. yy FSESlcA OTtXyy ASiSStm#Sto8Blc3l£tti-tC<hlcAr), #iSSSIS 
® F y 3 XX’SbJigtc LTH5. ^X yy A'tt^y FSEStcBoTfttJ6n-6®T, H
1.1.3-2 ®AxicxyyA®miff@Am%#^®M#&*#MicmA, **y nass,®® 
¥&3iS#*»sB LAtH*/jx®tt I5mrn tlfc. *7t X y y Ax t X X 6$
StTOttiit ICSA&tiAH 1.1.3-3 ®AxT'$>D, C ® B# X * X X $ 1C £-f 5 #*12
0.4dB iIilfl±P4iftHfc0'rSix&. H 1.1.3-4 tt, C® X t X X 6fB WOtX y
y A&s*&A,^#-e###&k- FAy XA$;F-c&e. *A*;ua, *a#me#®,
CFRP (Carbon Fiber Reinforced Plastic)^ /X X L. t—FAX X° IS IM U A 7 A3 nil (4 A

S*jXSnfc7XAAAX-> Fy 'y?A*;i/T”&3„
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Ceramic substrate with V-groove
groove

Optical fibers

W 1.1.3-1

1.2

ab
U)

cu

o

T3

0.8

0.6

0.4

3 0.2

Z

- e
X

X -

3

..........X..

6

■
X

X 125 micron meter 
• 40 micron meter

* 1 1 * ■ 8 ■ i ■ ■ ■

10 15 20
Bending radius (mm)

25

mi.1.3-2
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(3) ^'SmiMTrcO^yy'f A'-fe>+f-'>X-rA<Z>t8«i&E
<hrMS©$i^6«SS<#l£f-5

^$»s'$,ri, 99 ¥$l: FBG-fe>t)-£fflt^fc$* • SS^tti'>X^ACO|l%Sff^oT,
I6$S:$6S VT^6„ 4-Eltt. H© FBG -feXy-yX^AtoElg^ES-. X^-X^f >
Alcd; OliiSiSiifc^SatiflTTSgiSUfc.

El 1.1.3-5 ):#E##©##&7pf. *#g##T(4, FBG -te >+F'>X^Al:± <0 El 
1.1.3-6 Ic^Td; 5 t- h/H 7'/N°*JF®?SS43cfcUt'$*CDij'7fl;$glJ$f
6. b c-rm©6/^$;t)4, xxtxx^x&^tiyx-Txx^b-
(0-e$>-£»„ b- h/t'f itSbb- FA-< y©EBM*St;

&6©T*I9. j;&K
s$^sroKs^a$n-5#jssB#T?6-5,. ei i.i.3-6 41, a * =kyi' b ©eeic, fbg -b 
XtF^'SBShTSD. |sH4EtctteT-X$(#(yfcid©E*^6Ei9#tj-7b„ sm£X^

-x^-v WWcEBLfcE. 1.32X10“Pa (l.ox 10-6Torr) £U:©i6jX5
it, e^-X^E- F©@%& Otbd^T. %#ggl: low, 20W
©ES564dii, $$14©$**±y:'tg$aij6siesbfc„ s/t. c©/i^;i/©#E##t

'Til' ^P-fFsic U, ^a&EI 1.1.3-7 43<fc££El 1.1.3-8 lC;<j\"4~;9X FBG 1C<4;
0$i|$diifcS$14Eeyic Hi; < fbg tc =t VfflllElS titzW.fr
ffitt, WESStSfirlcJ; 0 tiff Stifctli: ±< -SiUfc. K-ht :iO. H%Sn/c FBG

•t > v -> x t- as ai«r ic * © t msi & < «m t s n i &mm s nfc.

FBG sensors

LN-

Shroud

7/////M>77777/7/77////7777^///////7

1.1.3-5 FBG ilb
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1000 mm 14.8 mm

Aluminum 
honeycomb coreHeat-pipe

Face sheet

Heat-pipe

0.66 mm
900 mm

0 1.1.3-6 WH

Measured by thermocouples 
(Heat source power = 20W)

Measured by FBG 
sensors

Measured by thermocouples 
(Heat source power = 10W) Measured by thermocouples 

(No heat source)

400 -

Calculated? 300 -

Measured by FBG 
sensor

Heat source power (W)

0 1.1.3-7 figjfJJtfgjft 1.1.3-8 $*SiJ£ISm
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(4) FBG t>77X7-ftt:±&#a#ia©###K
MIST, S-ati'RS&t- F/17 771 *JK7*&©2Xt. • (BAtxX U > 7$rSIEU/t 

Aft /i$iF©##EAA^@#M&@xft#ei:140 1.1.3-9 t:#7±7ft, BSftlcJ;

6. t CT, FBG CFRP **■)&£$©, i!lS
fti: ± o at* ^jisto^y 6y:*fc„

0 1.1.3-10 tcH®?©^Jt£S't. FBG -t >7©#id)X*.$ff Zj:-ofc©t3. 
■^tSmSHIS K13C (Hll-ft#) h., ft 7 7—F XX TGl/fitSe EX1515 (Bryte Technologies) 
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M 1.1.3-9 j;

Bare FBG sensor

Embedded in FRP laminate

FBG sensor

\
 Gauge 

section

Compsite laminate 
K13C/EX1515, [0/90/90/0]

Spectrum
analyzer

Glued on aluminum 
(damage generated)

Aluminum

m 1.1.3-10 FBG t
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Embedded in composite
After damages were Bare FBG laminate

i—...... i
-51546 1548 1550 1552 1554 1556 1558

Wave length (nm)

time (s)

m 1.1.3-12
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HI 1.1.4-4 HI
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image processing
CCD camera intensity of light

shape of shadow
■' relation

damage in FRP ;

radiation shield 
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fluorescent light 
T 12 o’clock

turn table
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(a) before test

(c) stiffness -6.8 %

HI 1.1.4-4

200 300 400 500 600 700 800 900
wavelength A nm

HI 1.1.4-5 L HI/

(LET, 74/^
0 0-8 0 0 nmT&6/:#)4\

^(DLED (Light emitted diode)$f^#mL/Co Hll.1.4-5^, ^^#TmW^LED

m±r76.
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Low temperature plate

Amb. temperature plate

Young’s Modulus
E (GPa)

Alumina/FRP
Plates (Steel) 
Radiation shield(AI)

71 (7.6 for thickness)
200
70

1.1.4-6

crmax = 300MPa

H 1.1.4-7
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12 o’clock Load direction

Alumina/FRP

0 1.1.4-8 ##$R#:©@i@7^#&X_ -y h ©Sfijc
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Radiation shield

(a) Inner side of the FRP cone

Photo transistor
•JUailP'WIW; 1: • ™ : 

(b) Outer side of the FRP cone

0 1.1.4-9 h

Loading rod

Vacuum case Thermal shield

Inner case Test piece

Refrigerator

FRP support

^^fbR=0, #^gL^^f = lHz6L/:o
iii)

f 1.1.4-11l:^ToN/N ^ ^0.9
-eLTK/K^ 0.6
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simulated damage
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— Abstract

The present research project has two major subjects: (1) Smart processing technology and (2) 
Embedding technique of sensors and/or actuators into the host materials/structures. The followings 
are main achievements on these two subjects.
(1) Smart processing technology
(a) Development of sensing techniques

We employ the optical fiber sensor, piezo-electric ceramics sensor, multi-functional (resin flow 
front detection and degree of cure monitoring) sensor and dielectric sensor as the internal state 
monitoring sensors of the composite materials in processing. For the optical fiber sensor, we have 
shown that it can measure the curing contraction as well as the thermal contraction using the measured 
strain data of two types of sensors in which the rigidities at sensing part are different. Then the 
optical fiber sensor itself can monitor the degree of cure of the resin. On piezo-electric and 
multi-functional sensors, we investigated the effects of layup configuration and development of 
improved sensor for CF preform. On the dielectric sensor, we have shown that it can detect the melt 
viscosity of thermoplastic resins, and then it can be used for sensor in smart FRTP press forming.

The above achievements suggest that each sensor has the sensing ability of two physical 
quantities. This multi-functionality of sensors are very important for smart manufacturing 
technology since it guarantees the possibility of internal state monitoring using small numbers of 
sensors.
(b) Development of Modeling Technique and Unified Processing System

A smart manufacturing system was constructed respecting the processing temperature with the 
purpose to avoid the too high temperature in thick composite manufacturing in autoclave. The 
autoclave temperature was controlled to avoid too high material temperature based on the monitored 
temperature data and the thermo-chemical prediction which was obtained last year. The 88 prepreg 
were stacked and actually autoclave molded and the system ability was confirmed.

The smart RTM technique is being applied to the development of the demonstrator in which 
3-dimensional preform and simulation of impregnation of the resin are necessary. For making the 
3-dim preform, we employ the draping technique in which the angle of fiber bundles in cloth changes. 
We investigated the method of the permeability measurement in such non-orthogonal cloths for 
preforms. A smart RTM machine was also developed in which the resin quantity and velocity into 
the mold can be controlled.

On the press forming of FRTP, a processing system was developed in which the pressure can be
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controlled based on the monitored data of the melt viscosity using the dielectric sensor. We actually 
obtained FRTP laminates without voids using this processing system.
(2) Embedding technique of sensors and/or actuators into the host materials/structures

The effects of compression and shear forces applied to the sensing part of the optical fiber 
sensor were investigated last fiscal year. Then this year was devoted to the investigation of the 
effects of bending of the sensing part. We obtained the quantitative relationship between the loads to 
the sensor and the strain output.

On the effects of embedding of sensor/actuator into the host materials, we conduct in-situ 
observations of the failure process of FRP near the sensor. For this purpose, we made a small loading 
apparatus in which in-situ observations are possible. The test specimen is also devised, then the 
experimental system was constructed.

1. 1. 1 X'7-h<’Za7 7^ft 'J >7* • if) v—y’±ik
(1)

a, m&tm/m&mz±>v, rj'fax-xs-ftftu, <-®xv- hitwtroct 
6416. v- HU: j; 0,

wo,
-ec-c, Htzmm

XV— U >7TOfi£HBfB't'-5Xi£gWit'-5:b©Tfc-5»

(2)

H12¥8®&gtttf£(i)»WJjfc®:/n-feX&«£. • 77faX-

i) ttMB8flg"/n-feXj$$

hii bx u-y'^mmzz v u x7x#j!t©@{ttt<®£]±«-fex5 x7x-k
X-9-tc X®£S$. 77faX-7i b

v7X&*oT, 7 MJ v XXfeflg©@'fttt*J&;ExX U >ifz

a®iiAX)-*|6]^5S<t:EI6*|B]45j;t/ieS*|6]®tS^alxvHT^I4Lfc„ $fc. fIBSc©U
767y-i'rS-feX+HxxiUTti. HI 1 Zlzi&ik'f&WHztibT

0° , 45° , 60° , 90° (Dfsmzmtb'A/vZ, foffiZf-ffrfflfeZfrOx
■|4$SLfc„ U^L. 767 74A'-feXtHC4:5#]€<1©*IS£. -5X6^T@&^
ofco SISflStotlEttVnJKTSS. f XT. H12
^$14, 17+K: 4: #1 & #ET 6 ISO

2 aiiw-fex-y-rateL. 76774'A-t:>+7©
tij*e®IISS^I4L/c0 HI 1 767 7</7t7tNlg#%%am@l:43

— 67 —



— 89

mm dM3 5 X X © 3-B3 11H 'HO-^c:iSSQ)^E #S5T:i«v!Qi
BWX-i^XX • -fr<4- °aaM#X©ca#^©##a* '9^?©l2U9'¥#<i 
4aX-5a@%a?##9WO'a$i?* "aaaaaifHaM?^ 

#w©am-©^a©9a-aaa-?#w '%©ca##5-.a%©3*-©.5-a©##{@aa-43
T^SB9Qn(iasl@,X<aaa-©-fraa-U>xx?£G:fa*aS«33 'a-JXSS* IIH

°aati5B¥®l^#©ar:0:fE?SliS©'75X
<-s$fx/i„r <5-t;iiMieling ' > <©*a.xa n xx5©mma#9 faaa a-*»w 'a

'©.©a- ° 9 ©X © aa a 9 Ms#? © 9# XSlfccqj-^SmSS© 
ge@xxa n4aCiTa-fraa-*»§gax$$* iih 'a:>-©cas$?xa/::$#© dm 
°aaam5#m@ Mia 9#xx-o4 ac5Y$;©©m#©amam* _a$ ‘-an

'^s®v-^xn„x -xa?#g5#m 

X-a4 Xa5.a 'a$** '9a?©94:#aa}W«X-a4 Xa5©95-#5¥|:#3E 
¥ £ aa./-«# -a$ o<5-q?s¥M'^&y5< E<'-a'ir5<-ai!!3i<ii©c.:H('.^i 

'aa®a©¥f^©Y5xa /irs<- -xc-ss-iaaiiaP#
are a3jb .a x©c.aws«gii$©3a*? z :isi iih 'ax©c.a«¥OUH
:iSK*71iaY^^-//< fi a^X^a-c-^ -«x y 'aa#a.^?©%a@%aa3 

$I5*>*s3ses 'ccam*5m¥i©@#3aa©#54xa5©© '©.asmmmm 
aai*.i;i °aa*5$i##©ixxx#q}#c, ?a? ©9xx$?i?*@m% 'xaa-

E <--zj T 5<-®e-R:$@©,5,S3S'5rasfaS®a<$l 'O.c.jmfxgr#^
w©¥$E2fs^i$a©c:i/?a/:naaas* iih 'axacaama-ax 4 -a

igia © va x a x a- □ „x 4> a aamx a nax w
°=vnto^x©caffl^©a>^$!?*$is©graxx^ fH^5T:i-fr<H-*s 

IS 'X©ca H3d/J3 '«$** '5^72^aaSWS’(9Xa„X® E3d/d3 -X©$I5 
-fi-aa-*»§s 'aaww3* °aaa5?©e-#xm#5Hm$%@#©gii#xxan4 a 
s-a»as@S33xa„x©stB*Kafla„xri#/W®x©.»a$*iih 'ax©ca*a 
a-*SIS •:a«iltic:i8il0i 'a%*5#aaw@*5 4 -c©lH##am% 
®-fr<^n7*«i®«ISi %IH °a ©"g^BWc^
$3H»X2Yff mUC.©?({i054-i-i?4 anX-□ X©im^W^iil-fi-Xa-XY¥f 
54 -a-54 anx-ax©gI®9U$?5MY-^xa„X 'a^#Q¥I54-a©^9W 
ami©#mm?aaa- 'aaa °a© <$.agwa 54 -a ©sag®! -axT©a 
aws^m^sim}®a aa a- -a5©caaaasa9-vnB»5iisi*saiiiiv^ ’©a
s^xaaa-Amms-amammBa >aw*m<y#aa-3m# 'aaa °aaa5?© 
9$©.3(|#5*4j'@©gmxx^ n 4 x.a?am#©4 aax-ax©#%@ win 'X©s? 
as$? ddjg 2)©.$$* iih 'ax©ca-fr<^-$E#fflW«¥n>@-4 <nx-ax °a 
aw#x©c©i3%i#©Yaamaami m
^ ^ ° ^ <4n£ s'5'£ e m ^ a © © a * w« © ^ < a-' a a ©e 3« > t s? @ 5 «■ j- 

<2®a4>@ '©a?© >©5i:m©#ui%a@a$,xaxxa4}¥)ama:9am¥M#a 
s^wgpsxx^fHa '-3?>?'Wi0i 'xa*a#m#amMm 'aaa °a 
aa<5?©9# © $6$ a a-aa sxir a @ ©a^a ##%w \£9 aa©© © a



(Dimmit, ®Mhtt» -e©*gm, a©
&*.f:J;33M<8;Ttt*6tlUfr-jtc, Lri'U -fe>-9-• T^^iX-^Wtl^iA^Uct 
«S«I'M)5»»&, : ® d; 61: mo l: stllE & EE U TSJ £ L- T © fc © T ti:, -etoE-S- 
-£ *$#3? (:#©£#), ®6fiacPtfaTtaWS'#ti|glSSrf#-5 X ©ttTSti:©,, f XX\ * 
^gw^nyi? F®WlS]r*It:#t#)S-'v©S$lPt:"3©T, X X^X#
6%#^&(:©©T#WL, f ©##%fao£.

(3) 12^®if^fiKH©* tfe
*¥S©W%fiE$& (1) E6<jfiE®7‘D-bX&«2:, (2)@#mxt7t- - 77E3.X-X 

<f ©-ffftfe* tc» tarai® s o
i) to6M®7°n-fexi$E 

a)4r>->>7'KE©IS56
Wc#@et:i3W6m#a©i*i@BK#&#aiT&txt)-6LT, %-?y-in 

£>+© Ett7i7axt>a. 7P-7P>h-s«Miii^«it>t,
>-a© 4 assSE t-T©s„ y,T, et>+N*i:$#!S©B%m&a3©5<,

®7%7 7<33-tZ>+|-
*EStt, -tr>->>X'SIStoilJtiAWj: EFPI %?tEA'-fe>y-«—GFRP fiHE

-e©em, &#mg©#a*©
®S-£®$(:43©Tfc 2 aS©-tr>W'Ei®UT>6^HtiVac2:i:2)'b, 
»&#toT$6XX2%2^o^. Sfc, #l±©fS(,^tX-ta©^^±#%D-f©.#&#mL 
£© t fr 6, @£®ffi©££tof:tt»Ht©fi©-fe>+F5£.g/)s<fc5 © £o /x 
Lfc^oT. gox 7 E/t-fe>tN: =20fiKS©?p9iSei:asta^EiEIStF-f»©©.ac6"f, 
@to>sgcastas@<p;jrex>fetiteT#^ x twfrfr o, ytyrw-t 
£A©#to6£#gX&'5XX7)^6A4:6o2:. $ 61:, JE±© EFPI %7 t EA'-fe >+2© 
B8$l:iaxT, FBG £7 7E A-t>-y-£ffiofc RTM fits® g f: as ta 31*1 $ t> T>SJ £ t: © 
©TfetllfLtx E©SS$, FBG t>aai:j:rim9l!Df©.#i|£2Mm-e&^©67)%2'o 
fco

©Etta: -y xxarx-b-
HiiEistt, ?!£*iiW0° cat^^oc-fex+FSra^iA^siisaiK&faoZ:, *¥zm 

@%g.©.*ro]©#i£^©%#&m©67t©, -t > ->>x'spw o° , 90° ^[Gicatsj;© 
t:#«djA£/a-i:>-y-6ffioT$i|£Sfaoa:„ f ©#m. 2 @m©a:7-axBKB©%#mg 
$ T © to * E 11:24$ tf # U © X124k> 2® , @©3*©.^lO]©##24a6/u2:%07C©A% 
2^0£. tc/au igr£PiMSt:*©Tia< 2 @m©txapx#i£m o ma o xas o,
#©&©.^|n]l:£-5#l£#x©B@iaa:#i,7C© t)BG6A4:%o£. *l:, t x+F&a© 
&M%@*©mam2#a6#^):©©-c, FEto$®si£6faoa:„ t ©*§m, »#@g 
«S6Stll mm & 1: a: 6 #I1£-\©B@ « a © £ ©6 © C © 2%2^o 7t. L2®, 7 
©j§*o&. ^spjist:a5©Ttt, f©#@2^$©x©a)t)2)^o£. y,-h©i6$j;o, bk 
S*fr$»Sto®3±Ttt?£SPi!ag2ate£.5$T©@to$®:ftto»s'e@T$,£:;t*6,
a*jA»*rS]a5j;uiffli$(©i$si:©©Tta, eh-e 55-7 a x-b >th©?i£i:a)S2s'2t 
©x XXafojEo/x

69 —



©70 — 7P> h>/
/>/©Sffi/*§iffl©3-hSitjgJSU rn^mmt©Sfi-feIc / 3 P-AilS 

#%LT, f^SCFRP iC@ffl"e#/I£*oZi:,'SS8fcSL.fc0 St\ 7- MXA LTv 'J 3 >43 
=fc/x®/X®)jg£KfflU f E L/tX/S;®#©, RIM ©
7D —7D> htotitiSliiSrfTofco f X'J 7 >-7 — E $r$S L©i: >tH47 n — 7
n> h5IK*©SS-lt»$S< > Sfc, #6SSfe,>Uf6< A&©I=*LT, 
X//X-7- E ©t >/©##©&A# <@T&446 7 66 <_ t>+F©*6##&#//6

®###$t>tE
Hll ¥$ic*f7XEIS/#'J 7‘D X‘X>fl)I®©7‘XXfig*:il@(c43tj/-7 E IJ 7 XX® 

Ig©i§a#6$E®&t§tti'ee5X6£/©fc„ CF/PEEK lXX©Tm#*t>©
L/d§iiito$EFt©ExX U XX'lx/saSfigSSfi/fc©, PEEK ###{*© 7'X

JXX©figa^6, 6-feXtW’ 2 ©©tUM&tottiT’SSXi:, $6©ttyX/nX-X 
HStE£WT-E>66\ 2 aS©«IBS5S#"T5©60X© X©-fe>+F©^tIf6Ft;B, 
txx-&R&#at:aA&6'^gA*&6xx— F?^i77Xftu>x'&ti;jtx6oT. y> 
6©t>/©@&a©./#<©iA@EK#&#a5-e#6A©5#g-e&%6#/64i6.

b) tf'J >XWr*J;0:^ftx“n-tiX->XxX©ll5S 
®/— EX X—7"fig*

*¥Stt- @#&fig*T6@^l:R#66Sa#S&im«®6,X6&g#6LT, fig* 
VfcXX- F77a77?ft 'J >X->X/A&##©6. fSSSXXcXX/A 

14, rtSKU!S©*xxy >X’t HI 1 4^l:#MLX=x E y 7XX@;g©mfb#t//lxj:
ama&mm®& jzx tx/- Exx-7"©#ruis®&7 > h □-/ 

-rsj;5tiifigsnr©lliEix, ;®yXfASfot, x x x* a->®ibr7°y/
XX" 88 #©#!%**(* 12mm)©fig*##&e-3/2. f©^#, >X/A©§fflt;: =fc <0 S 
##m« 4/66 0, ISSStifclfSeJ: 0 14®®*#©%©©, HW* *©*§•& 
t 1/4 x©Fi=*/6 x 6#r$, */x/A©#ma&#:g®ec

©RTM fig*
ft>X hX-X©MfS(ClBntT, fiWf $#t5X'J 7 

JxVX'J 7*-A^x©E)jH©^a«ai©/5aL X-->3 >l;7i/ftWLfc„ a#*K& 
#T67°y 7W--A©##l:)i EX-E>X"&#m®6X6(xL©. fir, EX-EX 
X"l:/oT*±-#-%m#©«#AA%Fb®6#^t:3©i:. ®|jg©aS^gc&l+SL2t„ 
£6 lx, #flg©&S^\©SA&3 > E n-JUTZ X 6»ii5J|i£6X'7- E RTM fig*tiSSfg 
tft. x©fig*m, mg&*E/5t©© 4
ESaS^Ai® D mtitirts 0, A-7A/7 Xtfi-X^b ©FlFJt7j;oT©lfPX#^
#fig66oT©6.

©11$ 7° XX fig*
FRTP ©ftf$7"XXfig*E7©Ttt, ^E^-fcXX-fcA5®flg©satt$${t©*xxy 

XX'txLfctis/T, fig*a©iDEeiJflSff©, fig*^Bjfg*->XT-A&FXSXfc. 
©$i|@/?ix«, MgaEfflMEfe©/, ®Sg^'S/£i§aXT©*©B#a/aiiPEA&E

70 —



5< Ltfet. 7" V 7° 77*®®flg®88$A't 7tHcd; 7 T«iti d ftfc i: x 7 TttE* £ ± 
tfr, ##&Ka#K6T5. dbtc, #;B®a-fbA't7ElcE7TEx7$li.tXX6 
-C7"7Xtct£»E7HrttfT, SlJjg®i|XfigtcJ;£E7 H'3S©sE*Efi®58t£l® <", 6 
©7 t©7&6. %RtC, CF/PEEKESSIC®
EE H&X'toKISA'A:©, fiEA«lS6tit®T#5Ai:&7SLfc0

ii)#«igXt7E - XXETLX-X#©^#!^*
HI 1 EfSlcti, tiiSEXitcj; V EFPI )t 7 7 X A171 ©t 7 -7 7 X'SIS tc Jjn E) 5E-ffi* E 

tXEAffi*lzJ:5Si|E^.®%eStlNLfc„ E^StiS 6tc, 6itfilStoS»lc® ®Tt6 
HLft. SHTtt, E>E®-fe>->>X*S®S@Ai<) 310ym XSATASX , t7777* 
3^®*S®fl<jJttHIIX&Sfcfe, GFRP ma#©E^lC%7 7X At >EAi6EX: 
E«Kiilt£*HX7T 3 ,&®lffig;S:frofco E®S$, t7E^©*#XXFE»,E,t©

7 XA'Xg/c. -fe>E- 77EaX-7a6diA7).tcE-5>ef8ig^x® 
IBSlCAATtt, Etc, EAtF&atiiAA/c FRP ®E>ESKEiC*y^,®i$
@e®E®@m#&F7oT#ME-5 X tic L2x EXT, ET\ E®iS«8$A'5J|gZj:/h$J 
*mmtISI9l+-SEL, E®fiS-TiHSSffofc„ ELT, E©±SE*ffl©eitiUtlco 
t/'TfcftBU, S»@;'7XXA£5c6£Lfc„

1.1.2 • 77Eii-7®—MtWfc
(1)EFPI ^7 7'r/x'E>-9-tc5:HYfiE®E*®l$S 
t7t • TXEj-X-X®?!^#^^®—ft-fttcEATtt, 86diA$h/c-k>-y- • 7 

7 trLX-X:A'E©EfE$+E%ST5 X tE'ETrETS-a. #lc, X- h7 7-7'tit 
®ic*3viTttfiidnfc7°u xVx'tcBKSEE^'safcsfc®. E®#m*gm^®#;#% 
BH5.AtcVTj3<^$^$>5„ EXE, EfiK 11 l*lSt>T>SExX U >7"E-6
7c»® EFPI t£ 7 7 A At 7+HCAAT, eg#EE#ICEoTt 7t©t 777 X’SIUcSD 
kEE#tEa'#A*ft®Df^#l&*@*^®B@tC7®T#ML7c. *¥K«, ttfnf 
E-X7h®SeiC7AT^tiUfc. t7-t)-®t777X'S®ag^itl310/(|]i tiftT 
/J\g<, t7'7 7X'gF^®EF6®AWttBIlT'6Efc», 0 1. 1. 2-1 lc>XX=fc 7 A GFRP
«@%®EEtC^7 7<At7E&@61AE^#;mE&*ff LT 3
oE. ##lCt©TW]t%ElcliilEE##t-b7EE6©*Xi©IM#E#l&LE. 6 If
SS®iS$SH 1. 1. 2-2 ICtfT. 
0®##^%Atcttj-E 760 m® 

EffilXf Ett, 68ff^i@eT GFRP m 
BKl*l§l5lc%£LEEI§8lgOf' 
ET&E. t7EA6®t>E>Iti 
ElcjoATti:, MWOJSAntcff© 
t$tfS®6gtcEffiAE®-A"lil[lU 

L-AU, 7^7 7E/3t 7 
EaM#E®EE@lc#A&Efl 
T©E©T, t7E®t>T>$t 
IJHH'O £E£tXf'Tals£„ LE

EFPI sensor Reinforcing fiber direction

El 1.1.2-1 tilfMUM"

— 71 —



— ZL —

z °¥S5$gi3iram}$t®gmxx <- rn a <20
¥2tS@SWBB**dadQ¥93aimT:m¥®9i§:?3¥'eYt®Bto«32i V-l 1 1 
0 °^^^2lCT5'#a.$iy7 2<z-Y®;iffl^W9S5i®^E#S.fiTSir*4->*Yt»ir 
'Qy.orAiygwqtmg^iM^BJBtoUH-fi.OTSfWto^'lAri.^'Srtis^tea* 
WB®-fi-<¥ '0T2)?2 9a**l3-(+<¥¥9^#3^H-ri®%W®X-^W 5
>fi# (q) g-ZTI 0 "a 2 a- °^c.^^¥sVS^f©^if»&9T:!-<jf
Yfossf °¥<-$a#m9mig®%# 1 afi„x®
a6*Y<(5»B-fi-<¥ 'g?^¥c-‘?^S'3i4-ff)#l§ 9 — ft a) c. ¥4-

ms-Z 110 '«:)9#QY(%B2t,44.xna3-A-<¥X6<'56¥#3 '9^9 
°an 7 ^ asa$i$3im}»®gi#tx x <

-B ' Ci T2)-6-<¥X 2 <- 5 6¥»TPVU$ YWB^fStBii dad 'Ha^$¥:iSi* IlH
«ii®-fr<¥XX <'5 6¥»S&*Yt«MB*1r*tt¥St ®

° 9- * a ® % a ^ 7 x - £w§- <$• # ? ¥ia a 
,aT(5-4-:hy9rB5S$i®’^¥ffl-fr6¥®-3r 'OT2)?2a(4¥3##%QO(:iae,X® 
zt^q-to-fi.x^.vaxr^QT^i^safasatigr^gEsaB '»$si®9U2 °¥#a 
^7 6"5-Q»¥:)M¥$5:5SM®¥ffl-fr<¥?a>V.tiW,m:'$?®a 'CtTSS®TXf °9 
*a.^7 2 <5- Y*2 a<$a6S¥U9 ¥ir2Wffl¥4-ti-fi-< ¥ '9T2I22 94DW1 
< X-aA#C#® ?#r@m#® 2 ?#3W 'C|f¥a9^§p¥J-«^$^©S#?)* 
SltiW °S-^anaa)0<i*^©6r °a ^3##®^0•a'ic:i 
^if^USyt^Bac-Jg+f^tiiiSB rart Z^SE^<<-<¥ 0¥c^¥.^?25r

'0099
xiaii^^^Baf##3 nir? 

Z^9^ffl¥*H-l+<¥ Idda '$3® 
-5- °-V9 $IS5U.B® 9 ®38
/?<<-<¥ Xiti5#afflji$ia^c:i 

ytqsB-fr< ¥ IddH ®BliB '4? 
-a2a- "?u9¥fe?c z ®w5ia 

US:^S$i:Wffl*4-'Qa 42!«8.ti 

w a '5tiau$Yt(4Bau4-Qrv^ 
9 ^H¥4i ®¥.V > X 4 
¥(l 'fl®9U9a*a-12HE®2 
<2^2)2 2®5¥®anig[i5-®J-123=2 
»3M-fr<a$i9'y$?i®2 'ac-.sy

$SSttS waa mti 0

(iun) luoiuoui guipusg 

08 Oi 09 OS Of 0E Ot 0I 0
_ I I I I I I I ■ I [ I I I I I I I I I 11.1 I I I I I I I I

ooei-

0031-

0011-

0001-

i I 1 I I I I



Lead Wire

^7

Solder

1 dLi

(a) Conventional Piezoelectric Ceramics

/
Hat Lead Wire

O-

Electric Conductive Adhesive 

'"'"Capper Wheel 

's‘ Polimido Film

(b) Piezoelectric Ceramics with Flat Wire

HI 1.1.2-3 677 7 HJ- KS£ffll'fcEeL7S7X©ti:tt

without cutting
300 -

— with cutting

260 -

220 -

j_i_i_i_I_i_i_i_i_L

Time (min)

300

280 *

260 g
i

240 &

i
220 A

5200 t
f

180

160

01.1.2-4
4 ttm

(3)

g^t%^7 ij 1- ^ k—7

l-/7l/-7^ 7kg/cm' (0.69MPa)

73



p —

%7 V
#76^"— h^7 P—7 (H##
%##) mm 11^:0 ±^(D^
(DT, (#^117
77#)

^O0#B^gl 1. 1. 2-5 (a) I:
P<3

m, m 1.1.2-5 (w omma#

PTV^C<h^6,
P7 h p —7#W#:(DJ5W# 
Ot%7 U 771:^^67^ 7
7</immn6LTmmT^
Z <L t VTCo

C(D7tP7 h p—7m%

t-htu-jm

^"— h *? I/—TTt-H *-vt>\s-m-m.
it? 7 4 *■£>■$■

(a) *Em2*¥:<D$Bt£tin (b) 7 t>*hMffl&ti}P(lg)

titi PII, ±R6T#]i±#(7)%ai P 

<h$y^6^lci|i4^0fSiiB<h££'C)
T&O, Bl 1. 1. 2-5

m 1. 1. 2-5 :*- h7 P-7>b<D7,c77^AIXttiLn
mm

h7 p-7#^- hAM7P- h&r;
PU PP7A#(D7 V y h^^(D^K^Pg;il, ^77</^tP7(D%^(DP^77 
^E6tb<X(h^:cT^0, P—0P^^7^(7)^V^7^7 7</i(D—
^^Cfl6^P^^#LT^I:aiL, A#7°P—h%^PUPP7A#(7)7PJ v
7 7<A^^/u7^#, P V p pzrA^Mi^^lcj^ PT^^m 7
U—7#&B#T&o
7tp% hp-7m%mp-mi, T#w-h^m^cDf—/^±#< pxpupp

L^T< T6 c (hT^M7°P- h^ 1 (h t) I:, ±m#A
^#(Da^^^;i/H:{tx.T^C]A^(hT6C6'r, fP##0|p]±&Elo;t.

AM7P-h&r;pupp7A#^mmPTPi^p, ^77

(4)
##ig6tP7' 777^.%—7(7)—tP7(D##^

7mC;R:#ir^)7h^)(D—2: PjB#P, iz>'7 • 777:xX—7<&##)

— 74 —



&tsctm®mm<om
f HI 1 #E(C*HTttCFBP fX'/t 5 5 y

»S@i6iA^., ttA,!*, E$85S$&Si|SLfc. -©©Sift, fX'/t5 5 -y 7 £@©iAS 
&©t|*'t;:J±©T, WS^SSH^bfift^ofc,, L* U ©©EytcipiMt-Izy-y-• 
T^^-al-j'SSida^RStM-tcoUT. 1169* E 6* b T ©fc © T tt,
B±aRR7)%@T&0 *W^©fg e.*fcB#FfgT:ttS©TE3cE7j;E'-^ L^#6 C £ 
^'T'S"f, ft *itt © * -5 IS II & f# 6 C i: 7)©c # ©. -tct, 
*zLX-y&m©]£*/:'M#ltl:3©TA#E#&*©. *>+6- yi'EiX-^SUE 
©*#m$@&f ©#*#!:* 9 %6A4:L, *>* • y^Eil-^roSsSiA^-iCE-g. 
;i(#8©^&^©B#&#MLT©< C£t:L/z. ■£©£©, ST", *fffiS@(C*©T 
SitMM-©®#iSe^ESi|T'*^liC-®IIB6Elt, Elf U/x 0 1. 1.2-6 ki, X >+6 • 7

©#mm#©%K0-r&6. r©0Bimtis±^e,i!,/rHT$o, A#@@i:*© 
r frp ;mH-©#im&7t#@»m*j:U''k—siiexTS* 
*5 KEItSXTHS. %m-TH. $f\ E«ji8$7,fi¥SiaElcj:0E«LT6il#

%(c, !/-•tf-t>-r>9iJ$SB&ttbT, ® 
#i@@IC*^St>+6 - y^Eb-X-j7tS©iX©.S©UvT>E*:Sriil6L, %#%(:#

Motor

m 1.1.2-6 ®igi@fi©-e©ieESfflA@Mm

1.1.3 -k>->>yi$«©ttiE
(i) fiKSisei’*tt3Asm#®*> -> > yin x >x 
*Efrm. ftSCTcIIXXyxXfflXXXiiLT, T’kyy'f/txy-th yu-yuy

sit?? y^^y^axnmmm-ty^mmvx
©6. -b>+Hi©a©-ic*?>W#ifi^©®S&#AfciS, l a*B©-fe>-y-y^<©ti

*#*i:*©ya, Ttxri'xxxxicxr) erpes 

®©$iibKS7>T>£SJE-r5ct^BjsET-fes ctmRextxx©, siftJR« 
£Kf»X6%m69CE^lkK#&#ai7$6C£X*XoX. Sfc, HIl ¥J$iC*©T7

— 75 —



XmaI-Xf!tbSX#A 
•61£®-tr7 5 v XXA'«

BiWi-k's-v tLxnm

#6ffi?L'CHfi8®mi©l*lS

T-SXX^'UJiigiAO. 
cK®BDB©a©iA^.-tr>-y-

iLTfi^Wienfcfcffitt^StiS. *¥S$Tic#bti/:S-i:>-9-i:SI6 
m#A#iam6©N#&# 1. 1.3-1 l:$T.

(2) fiKSilS t:43 lASmE-fe > -> > A'
i) -t-hVV-zftfiM 

a)
HI 1 fpSST'tt3t7 r'fA 

-fe >u-©-t > -> > A'§i$©mg 
^'SlO^mtofetoSrSfflLT©
A. -b>->>A‘8l5©#ISAb
-£>'>> trfflmmrnw'i's <
A -5 A -fc > A > X'SH © Mil**
/H&< AO,

IT, *¥$tt-k>->>7'gE 
©it@#200wm©-k>tt-$rm
sl, beosas 2 as©
t >»6GFRp«e$fca©iA 

B8®iiSetC*3tt-5l*l6lSD' 
f©-a'l£Sff bfco ^©SS$&@ 1. 1. 3-1 ATRIA H=k 0 , 140 4mp$,
eg 200/zm ©T'bX to-/X-fe >tW5l«tMXA&, m©EE$8A'f>.$ti|ttiU M 

ei;*©Trtgp?aiti:»fSUTEffiAT©-&^tbL-T©-5 7t^t>A5„ x©Aam 
8«a©t>T>aiASrSiaiCiS-x5A»i), 0©«#6©O'T>X-y-E6±2OO/m;:E$ 
LT, AE>ti$t>miC7‘n-y bLfcii$$&0 1. 1.3-2 ASIA t>EAE*BAf 
©.Ab§lgOf©.&#mE6j:7l:A6©)i, <E7*A@#I&*@#A©M#A6, v 
h U "J 7XE»B©$I<l2^E*-t:X ttfT&-3BAteSA's < AO,

HA l/-7'lA©sa±#l=mELA##@&9l#A-f»6L 
Tiffl/ET'#3 =k 5EAo Afc©-e$,3 A5|x 3413, ALT, mg 200%m©t AE© 
m^SiOymto-tzXE^O AmA§l$AT>Sr?USL.T©^©A, -fe>->>X'8l$©@H4

x -200

-1000

-1200
50 100 150 200 250 300 350

Time(min.)
0 1.1.3-1 eg©SA-57t7 7-4A'-tr>Alc=t-6tit

Bi@Slcj3l4-5l*lg|;t>T'*;»J$SSS

1.1.3-1 S-fl-bAA^iSilSa:

EilRffiVfA
ti-lbiRffiU'-fA
(7h07AXtMfl8©iHbS)

70—AdAH-aib###* 70—7D>h
7hu-7Ax4aei©@ibs

E1-tZ757AX-tz>-y- 7hU7AxtM18©@lbS 
77^3.%—A##

7h'j7AX8iB8©iHbS

— 76



-c-o

* mi

Xi
N 9V

^ 8 
rt 3^ 
V #
4 ^ 
4 tB
vTv n

3^ f^ 
# Mi 
M 4

i
i m#

V: FT 
6 % 
E 4
d 04

•4
I

m

CoI
CO

n
9t V Ei
O* |
9 M
d &

r i 
»

d
E r i ci 
d * A 
2& m- $i
to & v>

* I
^ V: N
t M
<2 5i+
rt )|oi
4^

IS $
» gm

5*
1 £

X
d ^
fW tml
^ #m
d # 
4 3
d m
d 8

^ ft}
Y # 
E 4

x
E E 
8 Ml- 
m 3#:
g 7#
4 ^

o\
8

d C2 
X_ A5! 5'
Im v>mM *<,

(4
)#

r
d
#
4

V;
rv

r#
d?

"4 4: 
d r

iS £3 04
E ^ 2-
| S s
gf ii 9

X 1
f?S
\;/ —Vsd * Ml J2 H 0 
d r 4 d

d
#
» 4

43

M

41 I#
^ 8 
o< B 
ri 8
Pr M
d d 
d t4 
^ n
A

% 4 
d d 
# ^
d 8
r
£4

;nm
M}
^ ^ r

to
r 'i rt

4 4

Add 
4 d ^ 

0 ^ 
14 m
8 # 

Strain (x 10~6)
-Pm
8

to
8 8O

-PmOo 8o

r ^V anj>v cvcv
5m
d Ml 
rw d
^ Ti 
d Pr

oooO

in
f% FT
A X;!:

04 d
4 IP
rt 4 
9 d 
d 04 
d 4
m s
d ^

8- 
4 & 
(% d 
/\ d 
d ft 
c v 
' 4

q S 

4* * m
8 »i§
m » s
ft} d <2 
n n 4. 
0^4“ 
5 ” Q
i * i
$ ii ft}
3 gfi
P id
S$

d N

4
8

4 4
XI d
N 8 i
A EE 4 »
—'-, Zt S
ft 4 tS d
V M: rv
4 & ■AhM
r ■» 4 51 m
4
g>l A n to
4 FT

m <~
d » d 4

& 04
d #

S rv

d 04
d 3-

m
# 4
EE
d

d
d

a\v (4

d
rv d

4
A

8
§r

d 04
to
R#

o< g
ft rv
rv
% #
4 d

d
d
8*
0<
n
rv

5
rv

4
0
d FT

4
04
FFi
m
4

S )tffl
51 9r

|S r^

^ S
^ A

M
6J*
A

ft
V
4
f4

S§

cv
IS
Ao
8
QJ
d

M
Mi
m+
to

d rv V ii %a Xr d<- D? # rv d d
04 d M ft <&
r< r d V me d
rv d # 4 8 ov
f^r r 4 m 4
Mi C5 FT d 04 rv d<T"
d<~

ES
£=ha

c r\
Q

A
S 04

Qi
04 %

d
c
d

d
av

E
d

d- c?
F

4 d
<r* 4 m EE d

hr f# 04 d $ r T
8 1# n A 9V d cr

r rv 4 ml X

m rd 
d » 

i d 
id s'-

g)<T4
d
0

rv

d

r 'i
m
m
4
d

d
(>f

w
d

% 
n 4 
d ^
()4 /\
b ;
S -rn .-
4: 
r
d x
G
d

VZ
Xr

Bt
me

^ 8 
A
d #

Strain (X 10 t

Xiisoosia uoi §oq



00

0 & 5s 0 4 4 4 Wf n& vo|v 0 ii V 4
ts 3^ t 1 Pf d 0 ft 54 d 4 0 ft 4 S<r~ m CO1 Z> 6y ft r S M 0 M M
% iaB cn 0 \3 V 94 vt rv El 0 # ft
St # f^" 0 4 944 0 CD CD _. ___ <- » 04
Of % # # d # 944, iW 4 co^ CO i——i d id 5V
& §£ il % n # w rv 4^ CO e V3<
0 n Ol|v 4 id M" r n d rv CD 0 cn g n
0 ()< 4, f$ 4 pf nJLL <r 94 ft n nr si d
4
A

w
d

rv Xt@ <~ 4
1

% uy<r r 4 
rv

g}4
& #

3^
#

0
Si

V
4

5^
t}

»
© 0

»
id

ft 54 a 6< H s3* O <3- 0 □» 0 M 5m M
0 iiS f4 9r \3 94- 4 0 0 # 0 # %m N} Si

<~ iim n> g>( do it % 5m f^
4 4 □> 0 g 5s 9t a g)4 EE V it} id ti ^1 0 it}

m
i—i
h—*
CO
rfL

0
A m
V ai(T0 s

1
0

V w
dm n
rv 9t
0 e>»
4 m
gg fll

rt
Mi
///
v>

Impedance (Q) T4
0
<~

d
&
©a
A
Of
ft
&

ft
ft
%

0

M
94

ft
ft

ft
Z>

*-Ti m
o
ft ^ 
0 A 
ft 0* 
0 ft 
si »

w rt

:g

V 
t
V

4^

M
ft
A ft
° ft
» s
r> %
y CD CD
ft °

V 4
V T
ft ^
ft M 
s- Mr
ft d
m M—^ 2=3nr mu

5 M
ft Ev
Sh M
n f^
ft H 
Of ft 
ft d 
u< A 
n 0* 
rt r 'i
V nr 
4 % 

# tf 
d ft

0
6 ft
ft ° 
d S5m l—"
ft 4
f^
A 94 
0 '
(4 ft 
0 V
<t 4
Ti 0 
d ft
' V

4

%
Mft
<r

d
m
siit
miuj
M
Mr
d
ft
V
4T4
ft
c

SBT4ft
4
Of

0

A
T

M
Mr
d
23=rau
0

nr
m
05m
ft

gn % M; d M fM ft )ii ft 0 CO
o< r 4 ft My 94 ft rt ft ft 5^ s■nii(i #
f4 d % A A X ft 4 ft
rv & (A ng d ~n ft 4 ft m *4-co|-

0f
Vtoj

0
id M ~r ft 0 ft r4 rM ft
e ft o rt 4 0 # V

ft M ft V CDCD I ml A 4
ft 0 r ft r 4 o° A 4 94 Km f 4
» 94 ft ft ft d d $4 0 ft St

Of
ft

d ft ft M <r & ft H v3 DO O'
s # 5 A 23=mu Of id 0 frl} a A
|iy f 4 d ~n 0 f4 ft 5m M M ft
fW ft St ft # A # N} 9r 0 ftv3

ftV Of M 0 ml v3 ik ft 5s
ft Vy rv 0 S * V ftV <S rv M ft Si r^- m r 4 4 CDd; ft ft 0 fM s av ft f 4

D *o Of ft 211! ft A ft ntH
94-M ft ft ft 0 ft ft ft Of Of*4 o* V 4 n Of T4 ft A &idftftft

A 4 $* 0 m ft A Ml ft“V r 0 ft SI & <3. M ft r 4ft ft # n ft A 5m A
% V 0 ft ft ft ft X~ ft VO^

4 0 My iS o~* v3 ft Of rt ml vj Of
r d V m 4 V SJ A
ft ft M d ft 4 A A ft<~ de m ft ___ r $ ft r 4 94 ft4 Ml w r CDCD ft id ft 94,

i
ft
V4
0

@
d< N @ d n° 3^ ft CDCD C5 #
M A s ft Mz %m m 0 0
ft -d/ av a\t ft 0 bt # r ## rt 4 <— 0 rt d s A d A4 V Of ft |m V » r 4 ft <""■' f4Of 4 944 m ft id d ft Of DD 0td W ft ' f 4 V ft » r< o° <r
w 0 ft ft A 4 id ft A A dft V m # ft ml ft ft Vrrv

r 4 0 
d r A 

ft 4;
Of g ft 
ft § EE

-4f, ftf^t
ft
vojjgm ^ 

ft 0^ ^ 4^.
M H§
0 A 
^ 4 d ^ 
n d 
ft ^
<T Of
d
94
cn
Mm4
ftf^-
EE
r
d

0*

o
n
ft 4 
Of
4
d

ft s
"4
ft 4 
4 rt 

t V 
d 4 
4 0

ft
^ m
)# A 
A 4 )# 4
Si 94

^1
r 0
ana Si A 
0 m ft
d ^ O
' 3 ^



-oCO

T A ^ # A 
p^ 5= d

vl
□

I
VI
□
V
T
at
EE
M

ni+
)fffl

VI
0

1 m
VJ 1—1

D i—*
V CO

C2
T

j#H ft
rv V
% 4

m
& SI
EE r 1

# u
S 1
CTCT T
ft
V elf
4 r
r 1 rt
4
04

O
id
8a>

V
4
4
u

c
ft*

#
n>
f 4

4

04

El
4

u

r

it

5m V E
t} vr 8
rw i<f
4 m H
4 k n

SI
ii Zmmu

4 8
P^ V vj
911 4 □
C f4 1
d 4 vj
<— Cf □

(
6 d
^ a 
%m V ~r
m #
r- EE 
r" M
4 ft
M 4 
iU 0 
4 4

r?
rt
V
4

4
m
r
>d
3
8
vl
□

^ a
^ H
p^ vk
di 4

v
g -

raj P^
f 4
U r
t 4 
r ^

u 8 si
I m n 
r ti i 
±{: # # 
Pr M 59 
r r 8 
d p u
V * _j.

H
U ri- m

4 x8

h
rv

v
ct
4

Permittivity (relative)
K> K> U> U> -Pi> ■£>.
O Vi O Vi O Ui

o o'

o o
CD CD
Q. a.

M
4
vS

rv
8

f 4 
4
04
5$as
#
%4
04

u<
£Sam

4
4
s
rv
»
s
5m

(4

to
ti-

4

04
rv<~
o<
°S

%

0

4
n
d

4
V
4
8
m

□ rv 8* vl
V §=§ 04 □
T # ft V
rv 8 r 8- ~r
t h£

l r 4 8 ryIT 4 rv
& o< M >Vrinb

M # M
A 8 f4 zQ>nz
d
ft

V'
l

r#
# #

tfc

V ~r zm>
4 ft 8 # cvcv
§| % 4 f4 fT \ /
p^ e l X# \

V +
Br iim ~r Sffl 4
4 n> r 4
04 9V )4 rt G#
M 4
mE 4 S
8 V 04 nD f 4
vl VI f 4 A
□ 4 )# 0 r

1 l % <~ El
vl 4 d Ii
□ 5r 0 4 i#
V p^ 4 P%t
~r Wf 0 ft #

r V
l 04 4 04

r rv
voj. zrnmu j# Ii
04 8 rt rv
8 vj V m ft

□ 4 V
rv i rv 4<T" vj m ii d

#
4

4

d

r
rt
vi
□

vi
□
V
~r
8

EE

8
A
V 
rx 

I
4
V
d
g
cv
8

»

co
cn

5
ii
6

8
W

n
4
04
m
if
4
vll
III
Xr
d

8 <~ 4 EE He
5m d 4 % #
tl S w 4
f 4 k ft m n>
« |i 4 d 4

ft 4 ar 04
Xjf j# 04 4
III
V

ii f 4 d<~ # rv 8
f4 Vr 8 Et
rv d O' * rv
% ft # iS 54:
4 V M 8 8

4 0 i8 s

rv rx 4
<5v l #

4 4 c d
f4 V W4 n
* 04 d rv

4 ii
rv
4
04

>-
hr
8
4K-

rv
%

at
»t
ft

4 ntt-
)|m e V 4

d 4 av 4 A
n c 4 8 »
3^ - 04 A ii
# n V r 4

Impedance (Q)
r*o ro ro ro rvo co co

» ■ » *

is
@

st
e«



-7n> HiR 6S«6'-pvjiB</E> n/vi;B;\ , S fe , [tfl S8 to M S 7)' b #J Si" !l5 6 t) 'P 
tigcolSS^g, idtXx-x- hSrtiifflXtitic -fe>+F©fl 
£&<, izXE©*&##&GFEX@-6 c

©EAgaX'Xt xa©@Aax@R&0 1. 1.3-7 ICXE,, 5£fbl£ti: LT(i©'©X 
XDXSx HJ y 77XEflgtcHx4t*->$ffiglL/'r„ FBG -t: >-ti1iWE©eitStot6](c 
#LT#:xT6^|7nl:aAiA/uTA0, 58e¥#3gy:?a$t)|BlB#l:SteLT©5„ |*j 
SOfA-tt, UtEsax LZdSIc #SSrtHSfflc AilT, SE Stgg; £ E 3 IMS'C# 
$Lfc„ tB 1.1.3-8 CSX fSsamftSISmSfelBiRttcTSLTlx
6. HAD. 2 @g©S?ai@@X;ea$XaTXS:ttiXL.TWj:*'ofc©(C#UT, 
16tt/hS©t)©©E,liaT>6, -x©f$IXSISiBSfc*76VfcG151 ttiur©
6. -tLT, fBSE'fbA tc ©al* A 6 iti A L fc®, %am@x#iRmic#3
Eiffit>fA&a£UT©5„ CtolSS^G), RTM fiKStox h U X ^XSESATS©® 
{bm@IC#3asm#a©lXaaf*&FBGt>ElcXGi#DEX#5C2:^X,^o2=.

Thermocouple
Resin

Resin injection port Glass clothsDielectric sensor

Resin ejection port FBG sensor

Silicon seal Side slit

0 1.1.3-7 RTM fi£ff$lcfcl:t-5l*i3U'-f>!iJ$#S$ffl£:S
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FBG sensor

<T" -500

Temperature 150 a

-1500

-2000 -

-2500
100 200 300 400 500 600 700 

Time (min.)

m 1.1.3-8 RTM (C& & FBG t ?(Ca

iii)

iJ.ISB"5JE'l4®flgT $ -5 PEEK (Poly-ether-ether-ketone) SlJg^.
#co7i'Z.i$B®etzj3t,fzmn&&£fc£'
LOM#l:oOT#E&Uao2c.

B 1. 1. 3-9 l:M#lcmo/=7°0XAgO#m6A@^O##O-tzy H^fitSrrST, 
A32H 150mm x 150mm x 2mm OE + t*fk £lt4>, iSffltcttiflg 12mm ODUM^-t 
>th (< U 82118) SEBU 6 *Ok —XICJtoTflnEt&ff&ofc,, USEfCtt.

mimo cpRPrat 
S 40 wm ©jf'J -f 5 tl/ASrlKV^Co PEEK ®flg©IimiUiJf £ 0. 3mm OB®
BO 7 4" tl/E&Stifcf©
6fiM0/E PEEK #ag&tv 
h UfcA32SrJPSS"t"-2>(ti; 
fete, *-y h7VXCioT 
flnELT7°fiXfiJcS£fr/£
©. BKSAoEe^SoaiEt:
&?IISLfc„ MiSSti 2E 
/min. SBiBStt 380=0 (30 
//##). ^£P8$tt 2. 6=0 
/min. 7‘1/Xtc=k-E.S0E/)I4
0. 22MPa O—STafeSo #@
1/: // </. 411E i i ■ )JllET7 h/ iX
BSEtt 1 //#. ftSPEli 20

Thermocouple,

Heater

Upper mold
PEEK film or Prepreg

Polyimide film

Dielectric sensor
Lower mold

Sensor cable

m 1.1.3-9
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#@ICt®4FIC 0. 5~5Hz i^Sff ofc.
0 1. 1. 3-10 1C PEEK tSEW*®7V XfiKSE®ISeS*«S: (Loss Factor : 

#$®##6g/X) ®?S$lg$S:S"t- Loss Factor !4f!USi t fclci:# • BTL. S. 
JttCioTtJI • 0 1.1.3-11 tC^SPigg®^*, 380~280°C
®?as«T®isisii£®i£$<L:. mmmiwmz^-Dxmznfc peek

^LtiSfflfT/STo 0E 
Conductivity II > Loss 
Factor icAS*®### 

(8. 854X 10 '- F/m) £2 Sit 
©^jSSSrSHtfeaMT fe 
5, Conductivity 14 315X3 
(%*@& 2'C/min) $fc 

14 305X3 (116X3/min) VS. 
8tlCi)lV>U CftlttW

iciiln-T^iSS £ BS-t 
LT®-6„ ll®fS!l/o>E>. 
EHEitifllglcj3®T, @
m®@Lt:ic6t)63*m±#
A##$at>»lcj:oTt

fc, BHb®M#ami4%*m 
< ft ?> £ffi© filled 

ii"f" -btctsb. 1 D'B8T$>o

£5-5*5, ISeSSitoOtHc 

4:oT%aamicj;5B@$)
t-^f-5 £ £*5V£5 33£

"Temperat ire

200
Time(min)

m 1.1.3-10 PEEK tMfll y V' ^ <D

# ViscosityC2°C/min) ■

| O Viscosity05°C/min) J |

| ^^^■Conductivity(20C/min) ! j 

1 ' Gonductivity(6°C/min) ^
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Temperature (°C)

gl 1.1.3-11 PEEKta#;^#A^T(7)

Conductivity t Mtlx
1. 1. 4

(1)

i)

msomggg, -c%m
88 H (lii 12mm) Springer 6(D#{b
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f£ EFPI m%y 7 'f h f u >»>st
lTt-5-;5\ tMlgiFft®$f-fE@gTtoEbf*a$ft&$i|$LT, Seises tiiHtil®
BeSrLTSa-fbUzt, mm!5®t®^U £ £]±!6

l*jg|5$®?lSf*^)$Si®g®Eflg®5S{t;JKffi&bX
»e® icm/-s b t ® -s ® t &mm t fc„

®#ib®*s$(c$s- #4®afbr<^rteArs@B#Bm&bX#EPb#:#®$4b
&f#irs ® 6^mTHET&6. 88 B®Sf5fiK®B#tc*®r. #S5i/$r 2‘C/#&y:
0. 2‘C/5i-®br-Xtr®®r, CFRP ?g$6^$l LfclSS&H 1. 1.4-1 ®flg®Ffc#:fi
mt&^Mbtc.mm&m 1.1.4-2 terr.

s?aa$^' 2r/^®@&. #@®7BT6aimB#ic&em@^'k-47 6a6em. 
cfrp ?asttESdfifctot?g$icy u 2orifi®is#?g$7sr„^*,#iai$i$$ 0.2°c 
/»ii>m. #a%Trot,#< (BStofivid-feio K£ii$r'f-» tears 
ssn, cfrp Bjsttiase$rfcffiftBSsiir*®®i^rrso 

afcFtftf»*4br®®Tfe. #iuis$rrd <rs®11= j; 0acbem# &mrs 
ns st^rrs,, snrrgnmaaAniem&rrTmgrst, BSiorbixa'j 
ffi ®B#Sfcfe, EE®SI!$$»®hd®-5*>tc«fbiRfil^SS®<hle

—*-W-?S® 
CFRPSS M CFRP;SS
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mH [#]

(a) #sssjt: 2°c/r
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(bl #»£*]* : 0. 2°C/»

mfomm® cfrp

250 r
----*-F)0-7'3S-- 1~ 7"/mix.tt&m

0.88 _200 h 0.88 _

=0150 |

0.84 Sf 0.84 jj@
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mm [*] mm ['Ai
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0 1. 1. 4-2
lb) #s»e: o. 2°c/r 

SS®®#®«iSgbt*»S4b®ri«eM
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ft 9, IS $ ft L X immo ft- 7 ftf£ < St ft. ft ft ft ft ft, „ fflft, CFRP ft-7iti$ 01
#?s) &mmg©mbe«#fto, ^&mm^x^<irx-r^ztxmx^,ztA^r
t?>.

ft*fti&f®tt®Ig©«tftSs1»L, fiK®8;© CFRP ©5S66f6TSi±ft>nJILIt;Y$,
6. *<ftoft±ift©r=iefisaflbzt©, louftffi-© 32 a®@©
#ft#e¥tsic*5©T, ©©#ffi©*=ssns«iftsisft' i83xx&ft>©ftftj-L, t° 
-Xfltft43©X 250fttft6Weftil#-@&##Lft#M#:&#mL. M'MomkV 
ft iftPft'#mLftft©ti£8$J±!:iOft„

6ttM»©tic®*fr&0 1. 1. 4-3 ft. 5SS&FfEUftlS$&8 1. 1.4-1 ftftlx ®

ff-il&SE L fttolitfrftttEEiSS ftBUS-&A,»r54ffift'(g;T 0T©ft. ft ft ft'teft
lift, Wi$@#*ft9©S;SEft'ft*<ft-E>@6S5#&fi8St"#?UjgS
SUBLXSimaSKCftftftftO, ft 7 Lfc5S)tf6;T£®ltft>'EB/ft'*ft>0 

15fre©tI{tOKI8tt, EWBii # >4-4-1 ASSfflMS*

ft ft CFRP ©a^lSfttoEHtft 
6. MJ -y 7X
mR3£<vmmmiz@aT%B%
Sfttt FEM 1WllTftftDffex#ft> 
ft', ftnftFICbiKffiftSnxftSDf

ES§3£J£
[MPa]

mm
[GPa]

Hfyit^BrSSS
[MPa]

¥*£)

(a) ii^<7)tni:-tW7i/
(183°CtHt)

614 56.3 82.9
580 614 53.3 54.6 81.8 85.0
595 54.3 90.3

(b)
(tf-e7;SS:250°C)

556 57.5 69.1
565 545 53.2 54.2 79.1 74.2
513 52.0 74.3

StifiLfc. HftWfttt, Htflg
cDitfammi-jzmsm/^t

SftiX©ft> ft ft ft 
0, eamm<DRt> 9 ft ttfrii 
*ct©E«e*ft bwm L-ftif 
51 OR#) mzm^TBtfTtti 
lift Oft

ffiUmgft'SIMt$S1-ft>F=n 
tais © is s ft ft ftinft. ft & © ft 
#xftii5©x. liftfesi 
S©$l-ft;K$ftiSLfcB# ft 
SlfrSllBli6'4"-E)iE5$ftS^)= -ft 
ft X 7“ 'J ft ft 7'©*#XK5$*

1.1.4-2 SCbiC!$ll-<j:-EiS@l£EfS«rlSS
[Moal

2°C/^ 87.5
0.2°C/^ 40.6

2°C/^(123°C$T) -» 0.4°C/^(123°C~183°C) 61.0
(#%) 48.0

2X/min

T. 0 kg/c m 7. 0 kg/c rri

Fk^ft 1. 4kg/c E©ft1.4kg/cmfilii?$,

(a) aS0X183°C){i!•fttM7.il- (b) j@*;5(250°C)$$

® 1.1.4-3

ilSSSSEL, @5kSft 25
30% LftB#AX, ffittft5fftiW©/Siax©Cii©i5 io istzfczz t£mmLtz* $
fc H10 ¥$ft$iSLftl^e-i:>-9-ftEft.Xx7U >7*IS$ftftH, JfftSft 30~40%
XX ft >teS/OiSW LX © ft, „ y,±©ftftftft. @5fcSft40%ftif LOcB#*X®Jgtt 
7cSftill)L?5:</j;ft)L©ftE6L, 0 1. 1.4-4 ftftftft—ft>EIBftx h 'J -yftx 

#Agftftm5Xft0l/&FB©X, 0 1. 1.4-2 ftftft2aO©ft-X (#?a@$ft2X/ft 

RftX 0.2X/ft) 36yi'ftlSftX#?a®S6ftxft.ft-X OX/ft-E. 4dX/E) ftx© 

X, ®4tSft'40%ftgiJiiLXftftP$?aft5cYftft>SX©FtlX?I*{tft#ft, FEM Slfr

Sr;
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01.1.4-4 $S4troicJ:59@j£:hl$»Tffl;ET%

v h'J v — vh'J yXXlilflg
1.1.4-2 icsi-o #?aaisso. 2t;/»

CT66 2X/5/©X-XC.tt©T@ei?fS;b|// 1/2 mTI:*oX430, S* 120X2 — 
18322 ©r=fl©*#S@$Sr 0. 4X//j-icTIf 5 /£ItTfe 1$* S/h$ < T-58i$z)s> -Sfl 
-5= &*#8*8©©'S#aL*l#'a©##*g&t'#¥IC¥¥. #?Uia$7)s' 2X///©/r 
-XT'ttlilftiRffi/i^iKffiiSa'lBlfSKroW-^SbT^-SSt^te^So *43, #® 
$$// 0. 2‘C/#©4r-XT\ mro©»&*EL*X-X£ 0 t)%@S*»©h£ 17© 
tt, 183X2 (mtSS) tcl$f 5mliC@ll2$7)t40%t2iiJji-t5>fc©, 18382 4:0 fc{£© 

?BS*Stff©$5S
x h 1J y X X#flg(d)at)5>8SJj£*ti, f#llBl2B8to,i:©X|SiB8r%¥ StbSEEia 
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m. 7 77 7 7'- 7 7" 7° 7 7 7 # jS to

1. E%ffi5StofiK$i:jSfi£«$i

1.1 E^USStotitS

77l/-7"i ITttl^tfSias&ii, ^ L. ##i&, -titoth. 777.3.% 
-76-#7h L /: HBSS $7:ti; 7 MB# 6817 L. BEL 7: It SI • totx 5.
tcilffl L, 7 toil JH8i$69IEL 7c. $7:, ffiffiSliilcSL#iS7j:7777 7'• 7 7'7‘7 
7 7'#lig#6iaitT;E>7:87©lg#t6f#3 7:i/>l7> » 69ti #4 to *867 - 7 to toS * £ V'Sfir 
67il/toBE6f7-o fc=

#1*691:14, Eeft*46f8 ©7:7 77 7 7"BiH$PS$tCS LTtt. 600X600mm2 torS^f* 
#KB*to@m - B#X*SMm#»to 20%8Sa±|6l.h. ##to@#
;w-to 30%ggy,±<£i8l6jSJ$L/:„ *fc. 7S-k>7 • 777n.%-7»©H-$i| • $'l 

Sf$ lm ®^®;4;ffi7 /ftilSfflitt • fflUHjrMfPlcSSffl L, 5S*L 
7:ltil • $iH$Pt$®toSffl8ilS:6SlffiL7:.

77 77 7"®Ji$P&S;i:|SB LTti:, eSttottsfif*6 It A L 7: ft 
£ 800mm ©it^f/m$B*6Sf* L, SI*®H$PS6$6lt$i]L, #6*17:7-7 t:»to'ix 
/:&*##!:* 0, Sfl§B#t:*fLggTfcSfRljB*to 50%{S:M77#T&6 to 76#
IS-Lfco

«s%4$lcSi$M«75ib* - $ 
-B$tX7'J 7X11/—7‘to?W*Rz6$Cb J;-E>B#j3d:y:$ijS#tt6lito, SaflfitL 
Tto#fgtt6SL7:. $7:, EA'-rto%771/4=1116d; 0«!11 V/t#t)r77';Vj; D Itff Lfc 
IS HI 77 toiib©S»lg$to#fi6£»totcffix bH-5 to 6 67 L, tfl 10S3'I4I:S
EL/:. & Lie. 
18 to 76 8ft ait!

©##6771/1: *-5# «ttfg 6a* L7: 7 )V 5 ft B
■TitLtifcig*6!«*x. ##e*a*&#&A,z*a$m&#iN\ s

17L, 8Stm6l9 3 151617785 to 667U7:.
##!:, to*lb©7777 7*/Ay ->7*$ijyS#r67"7>X h b- 7 $7:I48#lil#I: 

SfflT-5i| al:j3lt-5X7- H*#tol±#6776 6LI:, 7*iLto$ijM#*6#WL/:.

— Summary —
Since this year was the last year for our group, mainly, we made structural 

elements or small demonstrators which consisted of a host structural element, sensors, 
and actuators, and we demonstrated the effectiveness of the measurement and control 
technologies that we had established. In addition, we collected fundamental data and 
established analytical models of smart materials to obtain the guide to designing an 
active-adaptive structure optimally against the surrounding environment. Specific 
results are shown as follows.

With respect to active control technology using piezo-electric materials, vibration
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and noise control of a 600 X 600mm2 composite plate was performed, and the target of 
increasing damping coefficient by more than 20% and decreasing sound intensity by 
more than 30% could be achieved compared with the case without control. In addition, 
measurement and control technology using distributed sensor and actuator system 
was established, it was applied to shape and vibration control of a flexible space 
antenna structure with a diameter of lm, and the effectiveness of the established 
measurement and control technology was verified.

With respect to semi-active control technology using electro-rheological fluid, an 
SOOmmrlength composite beam with electro-rheological fluid enclosed was made, and 
the effectiveness of damping was measured. By numerical analysis using the obtained 
data, it was confirmed that the target of 50% reduction of the vibration load could be 
achieved for a real structure.

With respect to passive damping technology using shape memory alloys (SMA), 
first, we examined the effects of loading frequency and loading cycles on 
stress-strain-temperature relationship that directly affected damping performance and 
showed they were a feasible damping material. Numerical results obtained by using 
the proposed model that was derived from thermodynamic energy theory could capture 
the features of the obtained results quantitatively, that suggested the validity of the 
model. Based on the results of numerical analysis using this model and preliminary 
vibration tests of beams with SMA films bonded, composite beams with SMA wires 
embedded were designed and made, and it was found that the damping coefficient 
could be increased by approximately three times compared with blank composites 
without SMA.

Further using these obtained results we showed the requirements and 
specifications for the smart materials in the case where the active/passive control 
technologies were applied to the demonstrator or real structures and evaluated the 
effectiveness of these control technologies.
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»««»£UTrom^MB^snrus. ee, ##• r®si$(k®*g*^
b#x5t, to ©tltbttF]tm-nitVfc.SiM8£-
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%
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<2 = ^1= (22' C — C| = C2, £"] 0 — 0, £"q = £"20.

pCdT = pH Ldz + (ynf + dE'D

dED 2

(6)

(7)

(8)

P' Hl, & f, d/F/), 7*S I'd. a >K©tij tE, 0 ©S

Atam©m#:6©#em, nesn, ffi^isutictsiiSSfisiFeffasfco©x^ji/41. a-
mmvm&oum-c&z. ^,0, ^a,0«

5t(3), (4), (6)J; 0-€r^(cMIM#*^'ft^S#ifci:*©jj;*-2-faS©M<«^'l+©T*

6.

ii)
(jy^WitT. fl-g d= 0.75 mm ©TiNiSti EF3256) £19©, f©

S8ti£0 1.1.2-1 (fl*)S*$SfPBrS EHF-FB10KN10LA) 1C It tUS^'S
»S#|-fl = 50mm 47l:a&L, HftiWfctttffffS J; 5*i • P$#£
SELfc, #m P, W <?£, n- H'-bll/, X hn-XIt'eitillL, *fc, B
g 0.025 mm © T (Omega Engineering, Inc.S) £#t#lr— 7° T" SI ItCO tf’ifelCH
ST6C6I: r sm^ltzllfc„ Itiltt. ac® 23*C©iffrikSiKtt1Tft
totifc. mm#m©Rt&&£/=
0.1 Hz. «*$®£ Smax!L=0.06 CI3SL. *#-;$#& 100 *l+SJTtt.
J8ISE&/= 0.001-1 Hz $T$lk£-ti\ »*ES£ Smax/L = 0.055 1C ISOt LT ttS'l £ff 
•otc*

iii) at #1 IS $
0 1.1.2-2(4, HftSic/= 0.001 Hz, 0.01, 0.1, 1 Hz CMT6, ?g$-$ (S/L), J$tl 

(4P/V) -SM#, H 1.1.2-3 (4, /= o.i, i Hz . zB$-
$, Stl-BPfima, 1 iiSthXf'J -> X11/ - 7° © ® « »s- g [f « $ L fc E © SB ® $,
-en^’n, itiies, app, bapp, itses, mm, iiT*8ito?>. x©st,/= 0.001,
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Test machine
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A
w

irOad signal 
Thermocouples

Stroke
Control

>
signal,
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Zero & Amp.

oo\J
->

Controller

so0/\A/\J
V\AT h^a
--------- -—1 oOO

Digital scope

H 1.1.2-1 Sits se

0.01. 0.1, 1 Hz UT, tXT-'J ->X;l/-7>'iR$r-5$TtC, 0 2, 5,
10, 20 mWI'&WV'fo-ifc,

f= o.ooi Hz toig-grti, oryTT'S <0,
V^L, 0.01-1 Hz-m-J5|M®lffllC 15~20t:®0 , X®

1~5 %$
®<BH'e$CT*5 0, -ec-eti, it#Petc?U8»iT@LT

jSIEIfc^'0.1 HztiVF®Bttt, m#8#®^AiA#P# j; 0
l Hz ®Bttt, BSl8®*/5s'Aiim=k 0 SSAFbj

< , IIE@&7)iigrsicS$»i'-fc#UT® <„ HI 1.1.2-3 (Ctt, /= 0.1, 1 Hz®fiS*(t
omnmr. /= o.i Hz®@g-, lsr^rtu
^T|S$UT®*, 5«WBTttBE«StV. f ®P#, l HJHB tit'*. » 7‘C-fi
TLTl'5./=lHz'ftt, -MM®ISlc$9 20T:8fbL, 9ifletc¥t9S8ttl'.#LT® 
s, i5@S0S(ctt*5 2'c±#bT®5./= o.i Hz-eta,
< , ^CDfztbfotl-Sm&bBZAjfzltmiZfS.-DT&V, r ®flt, /= 0.001, 0.01, 0.1,
i Hz ffltji'tliasliltiAto.

iv) sfW1itC9tt$St

-aLT*50, fi$LT®5t7-'Jl/®Siitt&SEL-T®5„

®%m, @m##®#a, is®-mw#® bx^v Exic=k 0 8f6m®e;+mbg-Ab 
mm<k®m®emmb®mi:jzogtbf jiKSc^ssic/hsv^s
A, %3x ®Edtl5l*®-&H-*tt. e#®@8a

c®m®%8, ©ircmu jih
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Temperature 40 %

200 - Experiment (1st cycle) 
Experiment (2nd cycle)

............Calculation (1st cycle)
--------- Calculation (2nd cycle)
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0.03
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Temperature

Experiment (1 st cycle) 
Experiment (5th cycle)

............Calculation (1st cycle)
--------- Calculation (5th cycle)
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0.03
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(a)/= 0.001 Hz (b)/= 0.01 Hz

Temperature

Experiment (1 st cycle) 
u Experiment Jd0th cycle)

............Calculation (1st cycle)
--------- Calculation (10th cycle)

Stress

) ^-1 : «•—-J  —:  1.—J  i—j  ; j. . t J t J : i...”
0 0.01 0.02 0.03 0.04 0.05 0.06

Strain

Temperature

Stress
Experiment (1st cycle) 
Experiment (20th cycle) 
Calculation (1st cycle) 
Calculation (20th cycle)

0.03

Strain

(c) /= 0.1 Hz 
0 1.1.2-2

(d)/= 1 Hz

Experiment 
--------- Calculation40 h i

Time (sec)

Experiment
Calculation

Time (sec)

(a)/= 0.1 Hz (b)/= 1 Hz
0 1.1.2-3 SSEHU
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10, 100, lOOOT^^-fgl^joj;^
1.1.2-4W,

j2AT(D
asi

Gw ©Iginc:#©, m ffl/\©E8!, IS $ SUM 56 S
5G5S7U ; Hi 3i ©- © is. 5b 111 6n L,

it"5
iii©SI

@jv©itifltcff©,
SSt/cOS^SBiSSlBcDfccoJ: <0 %

<, BEAiig-rtc^i/vhd < a
(3)M #^(0$®

lit"-5
6*
*S©„ @&ti
e. st*ip*a. ©Gb© 4ocoteiiisatffixTjoO, 7 y> © s is tt 7# $e stitc„

j; < ^{b76. *5c, rxGnx-x © U7 sma &
m©5#A, ®jSsttIBteSi$t©J:5x*[6]tt©fi)ffl»^xbn5»© ©<086$©%Si©

Gf$, c$i6©@m^*a-r*^=ktictytk&gkAf^c
©t>*S7S>3„

(4) SMA fgSrSV Vfc7®5S*$©Mg'lttEffe 
SMA ©seyfii: VTtoltlgSSfl-r^lg I X7y 7’tLT, SMA fg&y® 5

fg * l tz m 7 » & v, it ft*> m © § s m m & t+ «t«. „ 
ismt© ©7, i. 7;i/5-e-iiig (ai *), 2. s?B77;i/7 >-tM ht-»5 sma fg

(MSma) £$#l-5c Al * (MSma-Al *), 3. afitt-XTtt h7ifc3 SMA ?g 
(ASma) SS*Lfc Al * (ASma-Al *), 4. ASma 1© 4.6%® 64-XTS* L fc AI

* (PASma-Al *), 5. XGXl/Xig (SS) SSSLGc Al $ (SS-A1 *), © 5 8$!©$ 
711/5 A5052P, SMA BSMilSt MSma, ASma ©^Agg

rrl5, -irtl-btl, 50at%Ni*50at%Ti, 50.5at%Ni-49at%Ti-0.5at%Fe, SS 15, SUS304 7 
Sbfc, $/tS#Slt5x Metlbondl515-3m-0.0325-36”Sr®ffl bfco Iit@Ot©:S:$, #15, 
f 5lf 5l, 250 mm, 20 mm 7, fit $ 15, Al *55 2 mm, MSma 55 0.04 mm, ASma 55 
0.05 mm, SS 55 0.04 mm, ifliil''0.06mm'(:jiafc.

0 1.1.2-5 1:7779 A, It ft*®MSIt iSSE£*£Sgg It tc IS* L5c„ Itft*©-® 
I50SSH1506L, 6 6iBl:t5j3fe 0 £ #15 IB to 86: £ 5~10 Hz fSStc L5c„ Gft*©# 
1S®6j3t)0$7©fiSt5, 180 mm tfiift. ftft*©fflfto#t5, fcfcS-tt/c^Wtc 
SSf>7B£t5 5il:5Dtt, H-3EXG -;/77b>Srt5T’t"© ©#7 9 ®to£%4 
£ # 5c „ It It * © 6 ti « S B to 15 St S5 It © f6 tc Ic 8 * L 5c $ 7 - 7 7 It ill L 5c „

0 1.1.2-6 15 5 @m©#©Bto&#7&6. ©©07 V , HSI5 MSma-Al #, PASmaAl 
*, SS-A1 #, ASma-Al*, Al *©jliC/h£ <&Z © ©^5555 3 „ ©#6©Mg&^#ft 
bffllt"-5 5c® lc, BtoStbtfScMsVSH-S L5c„ 0 l.l.2-7(a), (b)l57-5i77i®ftJi 
mi:#t"&®to&©*»KS$&»7. 5c5cL, lA-fnfc, iomm#©TK,m&®L7© 

JSU855 100 (ft 12 s) jy,±©5j;5. ©, ft# MSma-Al *±lltl5, B#557£ < 5j: 9, 
laS»s'*#< 5t-5„ 100 0*15:715, ASma-Al*. SS-A1 *, Al 

*©»Sfsl5HH'-g©M©5t 557MSma-Al*,PASma-Al*l5H#15^1ijD7S tCffi©, 
SPG, B#5©J\©<65I:#©, m'PTS. #o7, J$7-SM®©bX7 U ->X55«S 
®JSH(c5jc>7 ©5©#75.n5„ 7 5c, MSma-Al *, PASma-Al*. SS-A1 #, ASma-Al
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E 1.1.2-5 SI in' 4® cfc ZS git I E 1.1.2-6

MSma-AI
PASma-AI

SS-AIx 10

ASma-AI

MSma-AI
r- 0.025

PASma-AI SS-AI

'« 0.01

0.005 ASma-AI

0 50 100 150 200 250 300

Cycle

(a) $EI6iSc (b) MSc
bi 1.1.2-7 Mmktttiknmm

86. Ai ig®#16Sc<hSSsp® o~ioo J§]fg]£T®$i6Ml&it#f';5£, jSBbSct*. -eti-E
tl, 7.8. 7.9, 8.9, 8.1, 7.6 Hz, ^tl€'tl, 0.0193, 0.0144, 0.0117, 0.0123,
0.0088 SS-AI Al 86® ifc& J: 0##IB®##"C. »&&&¥) 1.3 fS£&-5„
ASma CfILTtt. SS ipfgg-Ci&D. @©#'1486$® t X$'J ->X 1C $ £ ilaliilf b tl

PASma-AI ASma-AI 86tJt«U(!) 1.2 #®#W*& 0 , $i? 
@©#l48l$Zm MSma-AI * tt,

Al igttttSU 2 fsy,±, SS-AI igittlSLTfe 1.5 1SJy.±iS6nL7cX^/A5j-^
-5, ®®X£$0, X®@e, 5a$S,IH®E®lC$^>5(Xllffl®#l6®fc®$L;5 MSma ® 
«a*J, @©#‘1486$® tXf'J PASma ®M«$ 0 86$Zb'$ # ® ® t Wttfr
6.

#16Sc, »I, $fflS$»£'®Effl#iStcyLT, «etH4Zb'aSSMA AS 
IS I t XT'*©.«', a C®fc», H 2 Xf-y^iLT, S
»», ##. ?aS&E<kd-8:T®if-#l, fg*e®»H4 • «», ?S®SH4 • «g8cif®ltai 
& Stmt: 17®, BB IS If $ ft 5 fc » ® E - X ® © * <7 fWffi $ x $ ® ft E & ft 5 S£ T $> 5 „
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i.i.3
(DfSISOSft

i n W?Ej tt p z tro-fe yfsrfry *?^^--ymi'fcr

y y y y • y yy% y Htaitf)
CO "C" fc 5 „ V 'T IttS L, T

y'^y x 7"#Jifiti«<oiifflio J; *)%###/<?-3 0%a_hroeM^BjlBTfc5 r i 4r 
XE1"5 C t & 8%<b + 5. aTiottR#S$tooV'-r#g@''f'5„

(2) W
ufc/i'®«®s*#tw;fricoi'-afts^-rs0 mmtmmikv

^■%-SrlEI 1.1.3 — ls 0 1.1.3 — 2 6 0 OmmX 6 0 0 mm
X 1 . 8 mm t <DC FR P **« i *BEj*3f $ Efc 1 StiC^ES-fey 5 y y (p z 
T) !:'#)$ Sil 5 „ PZTIJ4 0mmX2 OmmX 0. 3 mm t OPZTJ2 tfcjfcy-5 
Oif4 0mmX4 OmmX 0. 3 mm t It l'5„ P Z TS*i0fi2E
ttcn^‘Lfc0 P ZTT y E^y-yroEBttH-SSSjftSrt) <k 
frto^S-SIb^e— V'SB^iogir^LTtc,

01.1.3-1 #m<*ro«l&0 01.1.3-2

(3)
/J^WSBSttKfrroHWSliE, #iS«s, y-y>yy ySrfilB-tSTttolclg 

®)KE^ffZ=e'3fc0 i i l Zk$x=(Z)ig*b^— 'K®@W$I6
ScirWiSMStoSijglSS^t+SiS^Sr* 1. 1. 3 - 1, y — 9'>v?4 y £0 1.1.3 
- 3 lo^iy S*6K^I5$lo j; 9 f#6iLfc@*jg*i)&Rm*iSiSs4rSJfMiIiJS:8+jl<7) 
|+S^yVv®SEi0S8*5-tir/to
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1.1.3 - l WKffroHiWiBIbSc HiliSMs
Vibration Test Results Calculation Results

Freq.(Hz) Damping g Mode Freq.(Hz) Mode

1 45. 0 0. 010 (1, 1) 45. 2 (1,1)
2 82. 6 0. 016 (1,2) 83. 4 (1,2)
3 99. 8 0. 042 (2, 1) 100. 5 (2, 1)
4 138. 2 0. 030 (2,2) 134.4 (2,2)
5 140. 8 0. 030 (1,3) 145. 1 (1,3)
6 166. 5 0. 025 (3, 1) 184. 1 (3, 1)
7 197. 5 0. 022 (2,3) 190. 8 (2,3)
8 220. 0 0. 027 (3,2) 215. 7 (3,2)
9 277. 6 0. 021 (3,3) 231. 2 (1,4)
10 282. 8 0. 020 (1,4) 264. 5 (3,3)
11 286. 5 0. 020 (2,4) 277. 9 (2,4)

: Nodal lines (Calculation results) 
: Nodal lines (Test results)

01.1.3-3 >

i. i. s- 4. m. i.
3 — 5 (ctp'To SgBiJiSPK^lieSStcKEEB^EeurfTo/iio KUSSfiffl* 
SB. #mt^TSg©3-3A#mgit6.
s: #: (+ T* ®t v IT tt t V' 5 0

It 200^ t“—*-C± 9 ISHiffi *C 0 ~ 8 OOHz07>^
/TX>AltL. 5. #Mi*lcA*
Sixte4l@ro-rT^n7#>-lcj;9 tf-9iJSiL-5„ tf9lldA,fcA*H;tt 1. 1. 3 - 6 17
ST*J: 5 ^ t“—*-©tttg(c j; y — £©fi±i/AW:45fflft
1 0 OH zHK', l^/Hl 1 0 8 d BAfcSo

>T>AAd 7 a 7t y
5rfflv^rtf$iJA5„ © j%ib©^T 7 AH 1. 1.3-7 icST*T 5 lc K y/<—^SBK
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1.1. 3-2 ^-#PZT
C-91

(*#%)
G1195

Ai-8
(Aastra)

PC-5 BM400

##f#E (N/nF) 5. 9X 10'" 6. 3X 10'" 8. 2X10'" 6. 3X 10'" 8. 0X10'"

(m/V) 330X 10'" 354X 10 ^ 105X10 186 X 10"'^ 115X10"'-

Vmax (V/mm)
270 N/A N/A 500 400m±

PZT#l$lmm(D#^
E X d31 X Vmax (N/m)

5. 3X10" N/A N/A 5. 9X 10"
3. 7X 10"

1.1.3-3 ##?zT
PZT

BM400

Ai-8^

PCS")

G1195

N/A

i) J&tk : 25. 4X25. 4X6. 35mm
m# : 197#,

: 25. 4 X 25. 4 X6. 35mm
m* : 197#, Z73% :

M#: : 20X30X0. 5mm (7h-A±)

30 X 30 X 0. 5mm (X42 _t) 

80#,

38. 1 X21 X0. 19mm

1%,
50. 8 X 12. 7X0. 51mm

2®
v<--f

^IS^/VX-'r-zV De Havi 1 land Dash-8 series 100

T^inr (0-140Hz)(D@M

##De Havilland Dash-8 (7)f/V (546 X
127mm) 1#^^#. 7' (0-300Hz)7)@M

_______________________________
ATR42/72(Dt^7-;7° ^ 3. 25m
7°nV;y^" (0-300Hz)(D@M

3MI# 380X300X1. 96mm^^n#^-e^###

o-5ooHz-eiE^ija^0 mM^tpmn&noo

: H: £ 1. 25m, Sf§0. 51m, 1. 63mm

(7) ^ ^ ^

& 9-30 6 z ^ v

5 ^^ZOPZTcDTff-zL
f L^:o

^12^12^
[3-2] fSound and vibration control of CFRP panel by piezoelectric sensors and 

actuators], SPIE’s 8th Annual International Symposium on Smart Structures 
and Materials, 2001.3
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(20 x 200mm)

Coupon B 
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(Electrode)

<4 GFRP
3

0 1.1.4-2. Coupon Specimens and Structural Element Specimen
b) ERF WAA&A)##

WAatfWMf'tTE$rH2$L/A
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Width b Length I

ERF Layer

▲Thickness t„ Young’s Modulus E,, 
Y Bending stiffness 1,
T Thickness t2

I Thickness t,, Young’s Modulus E,, 
Bending stiffness I,

p A: Mass per unit length

w: Deformation

® 1.1.4-5. Dimensions for modeling Coupon B
(1) .

(£,/, + E,h)^-- b(^ + t2+^)^ + pA~ = F(x,t) 
dx 2 2 dx dt

(Uzt

tin +
ZA B.GE
— + 
c. c.

+ 1
c =Fn (2) ^

b) '> ^ zz U—iy 3 y In jp:

(2) ^ zt. y —y 3 yff^l^^^gl i.i.4-6,7 K^rfffiJ

1.0
0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

2000 v/mm 2000 v/mm

2nd Mode

33Hz

1st Mode

4.8Hz

1 10
Control Frequency Hz

100
E3 1.1.4-6. Reduction Rate of Load at Root

10 100 
Control Frequency Hz

1.1.4-7. Reduction Rate of Load at Root

(Zero Phase Angle) (Phase Angle: k /2)
01. 1. 4-6 fi. files® t IsHiEfgiDSESrERFlclmx./cS'g-. 01. 1. 4-7tt 9 0$

rojSfiSfc «*6ttERFlcinx:5eEro)ili6Bx ttWtt
*E^SDx.*i/3#'g'(;ltt1-5ia£*T'<75#*»l6«^T-fe5o 1 Ik T 9 t 2 

— K<z>44. * fclnMSfl T 9 t> 9 0 SfiEfBS $: 4 x fc 4 4 T 9 4# 6
ixTV'dro^b^So 44. MEEroMliSSE J: o T l K fc 2 ]k=e- F
c> 16«if 41,4 5 lift 4*44 49 . ziztt. ERFC:4 4 5 SUmmEroHKSc43 T
ETifBSSr^x.d z iliiO. K5rsK5ISfflx?$iJW-e# 5 Z E &
fi L "C iz 3 „

443. mim-T5K^T-^a3 6*EL4#ieg##K#:(y#^##iT. $$;EI6 
6< -&LTfc- 9 *Stfr^4'/v<7)SStt4a@5iL/'c0 (01. 1.4-8)
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1 50
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200 250 300
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▲ Estimated

1.1.4-8. Comparison between Measured and Estimated

Vfiit 1 2 0 S$#iStCi5W»l£{4;£ LT, ft $ £ 8 0 0 mm, tg 40mm, GFRP
5 5mm 6 @#K#lC Y 0 #

® <r> %L a rn 14 Sr t# L fc „

(SSffll)

3 0 0
© to*6 9 Y -f : 11 £ IS] C„
© toSS+SSSYY © : ERF 36$®[6]©*EV\ © 1C JP ft tgff S * (C ERF 8

SriiJn Lfc„
©/nY © y y Kf Y © : ©®toSS 9 Y 7°<D©T/F- MYffiic ERF m-tFA/WrS 
S&tiY5© i 9 1C PZT SrlfittLfc,
S-h® 3 ,

• 1 7kB;frtE*i)ESrl$S-&Slirfc„
• £ IrIEo
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1000
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Width b Length I
Thickness t,, Young's Modulus E,, 
Bending stiffness I,

^Thickness t2

^Thickness th Young’s Modulus Eh 
T Bending stiffness I,

p A: Mass per unit length

w Defonnation

1.1.4-17. Dimensions for modeling Coupon B

^ 6 o .

(E*4 + t2 + + pA^ = F(x,t)
dx 2 2 dx dr

(1)

ERF Dynamic

stiffness t Dynamic damping 60^N df L X % 3 fe -S 0 ERF CD it A/

t„ = G* xy(x,t)

5^(2) &zt(l)K:itAi'5,k.

a d4w dr d^
+ j3G ——I- pA-—j-— F(x,t)

dx4 8% ^ d^

T\ G (4:n Complex shear modulus 'C<fo19N ct do CT j3 Z 9

(3)

T# 5,

cc = EXIX + E3I3 (4)

P = -b ^-+r,+t>
2 . 2/

x = [^4 ]x + \B ]w 
j = [C ]r + [d }/

(5)

(6)

fi d!T,(x)
r(x,t) = %r (%).—-—.q (0

^(6)dod:Tr(7) ^:(3)^^(Dd:

(7)

«x
1=1

av

dx
4,(04 + Pg"£

y=i

dr, dir, dV,
—-—^+r—-
dx dx J dx2 ^,(0 + (8)

y=i
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tin +
r A+B G* i

c
A =Fn

lrd4WA"-“hf"'-'h

(9)

(10)

s--',Blr^h>
do

C„=pAftV„2dx (12)

; =\w„F(x,t)dx (13)

Complex shear modulus G fi N ERF <ES7t‘A^ffiVxTV'>^) '> U 3 2x y /<— O A

G* = GE(l + irjE)

#,-f# 5

<in + A , Fn GE . -^n^E^E+
c. c.

4"1
c» A = Fn

(14)

(15)

ERF —ERF —
4VI/=3f o

b) #la#####:(/)## A# A

T&,6o g|l. 1.4-18^^i-.

Width b

ERF Layer

GFRP

ERF Layer

a Thickness t5, Young’s Modulus E5, 
▼ Bending stiffness 1,

Thickness t4
‘ Thickness t,, Young’s Modulus E„ 
, Bending stiffness I3

Thickness t2 
; Thickness t,. Young’s Modulus E„ 
Bending stiffness I,

Length

w: Deformation
-- ►

p A: Mass per unit length

HI 1.1.4-18. Dimension for Modeling Structural Element Specimen
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(15)tin + A
c
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qn =Fn

60

a = ElIl+E3I3+E5I5 (16)

P =-b
<

+ t2 +t 3 +t 4 + (17)
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01.1.4-19. Comparison between Measured and Estimated n
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'— '— V. >

x = [a]x + \b\i

y = [c]x+[d]m
(18)

x : state vector {qn,qn} 

u , y'■ the input and output vectors.

Matrix [a] , r. = jw.fix.djx t GE & 7}E (C <£ V £ M £ tt § 0

## jc#
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1 l)Shigeru Machida, Yuji Matsuzaki, Toshiyuki Hagi, Vibration Control by Smart 
Structure with Electro-Rheological Fluid, SPIE’s 8th Annual International 
Symposium on Smart Structures and Materials, March 2001

12)Toshiyuki Hagi, Yuji Matsuzaki, Shigeru Machida, Experimental Evaluation of 
Smart Structure with Electro-Rheological Fluid, SPIE’s 8th Annual International 
Symposium on Smart Structures and Materials, March 2001

— 143



1.1.5

(l) W3EM38® gift

ESJlSfllie^jroyy-S^izy-y- • ±5®«j®JfiP • ##*#%%#&g
5>S-try» • 7 ? =f-Z ti'immmmm • ##«#*( • ffiiJiP©PBmS

£fEtSU 5>*^to|+$i] • SJfSPffiSrfifcirt-S
ii)

8J& • ®j«?£&HE-f-5„ m (!)?') cx t y ic y y y

z-^^EgL, 6fx ig»£*ill::»7ffl U

(2) «tH
^®fflafsryyg-&*«®(cL, e#mty» •

t T\ ffS^ryyg-RltB^iFM-rsiifc^Tyyg-we
M38 Lian-E^L^ES^ lrn toyyyg-<7)5*Srii 1.1.5-

1 ICX a*§c7)#iS^ll 1.1.5-2 icSiy yyyg-tt®*t^^Ee5iLte6*®$ (*$ lmm. 
lE 40mm) tx - ®±(-fy^d> VT^ibivfcSItB (its 30nm y y'y yiiyib* 
5y yy^.) T=#M£iL5„ $tt6S"Cto20mmfcbtfc>-c\ i6±"eroSilrofc»(ce*

5. 5 0.3mm roum-fry 5 y
y x (pzt) j:is;y>SE*y y yy. (pvdf) ^s*5i%TV'd„ pzt <y pvdf sigroft
#*|6]ty 2 5>Sil6ivr*3 9 , ZtiZ'Mm.iLKm'M£foZ>o PZT t^SEtmiti 
ro7teig-e±12mm ES-t5<o-C\ 7 y f tgJtloift^SJitS r i iit t 5„ *#y

j:3lE$SMlcyV'TEit-p5„

0 1.1.5-2 yyTE®#iSS$CH
0 1.1.5-1

144



(3)
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1.1.6 Development of high damping composites embedding Shape Memory Alloy

(1) Introduction

Shape Memory Alloys (SMA) show in some temperature range a pseudoelastic behaviour due to stress- 
induced phase transformation [3]. When the material is mechanically stressed, internal friction during the 
transformation leads to energy dissipation resulting in large stress-strain hysteresis loops. Moreover, 
Nickel Titanium (NiTi) SMA exhibits, in contrast to elastomer damping materials, high stiffness. 
Therefore, pseudoelastic SMA is a promising candidate for passive damping [6,7,8,9,11] of structural 
components. Particularly, passive damping enhancement by embedding SMA into a composite structure 
[10] may be of interest.
This report investigates passive damping by embedding pseudoelastic NiTi wires in glass-fibre 
reinforced plastics (GFRP). First, an analytical study of a simple system, a cantilever beam constrained 
by SMA wires, is conducted to study the thermomechanical behaviour of SMA wires as passive damping 
elements in an oscillating structure. Then, a series of dynamical tensile tests for SMA wires is presented 
predicting the potential damping enhancement for composites by embedding SMA wires. Further 
experimental data on dynamic tensile tests can be found in Schroeder [4]. Finally, GFRP with embedded 
SMA wires are investigated with respect to their passive damping enhancement.

(2) Analytical study

Target: An analytical study is conducted to investigate passive damping for structural components using 
SMA. Particularly, the thermomechanical behaviour of SMA wires [16,17,18] used as passive damping 
elements in an oscillating structure is studied, cp. Konstanzer et al [5]. For this purpose, the oscillating 
behaviour of a cantilever beam constrained by SMA wires pinned at the free end is considered as shown 
in Fig.l.

Approach: The stress-strain-temperature relation of the SMA wires is described by a phenomenological, 
thermomechanical model based on an energy concept proposed by Matsuzaki et al. [12,13]. Since the 
temperature of the SMA wires varies as the wires are loaded/unloaded [19], the heat balance has to be 
taken into account by considering the latent heat due to the phase transformation, the dissipated energy 
during transformation as well as the heat transfer with the surrounding environment [15]. The bending 
vibration of the cantilever beam structure is modelled based on the Euler-Bemoulli theory. Applying 
modal analysis, the equations of motion in modal space are obtained. The coupled SMA wire-beam 
system is investigated considering free vibration due to an initial deflection of the beam tip. The SMA 
wires are austenitic at room temperature and are exposed to prestrain e0 when the beam in undeflected.

Results: When the beam is initially deflected, the actual strain in wire 2 increases whereas in wire 1 it 
decreases, thus in Fig.3, the actual strain of wire 1 starts at 0%. Figure 2 shows the effect of the wire 
diameter d (corresponding to the SMA volume fraction) on the time response of the beam for quasi-
isothermal conditions (h — 2- \05 W/m2 K). The vibration amplitude decreases almost linearly until 
0.003m and the larger the wire diameter, the higher the damping. During the oscillation, the SMA wires 
undergo elastic loading, martensitic transformation, unloading, reverse transformation, and so on, see 
Fig.2. The described pseudoelastic stress-strain hysteresis loop is associated with energy dissipation and 
results in passive damping. As the vibration amplitude decreases, the hysteresis loops become smaller. 
This leads to spiral loops, which finally change into linear elastic loading/unloading paths resulting in a 
residual vibration of amplitudes below 0.003m where the phase transformations no longer occur.
Next we examine the effect of the heat transfer with the surrounding environment. Figure 4,5,6 show the 
time response of the beam tip, the stress-strain and the temperature-strain relation of wire 1, respectively,
for quasi-adiabatic (h = 2-101 W/m2 K), quasi-isothermal (h = 2 • 105 W jm2 K) and intermediate
conditions (h = 2-10] W/m2 K). In the quasi-adiabatic case, the phase transformation process is fast, 
and the heat transfer with the environment is minor. Thus, the latent heat which is released during the
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(exothermic) martensitic transformation yields self-heating of the SMA wires resulting in a monotonic 
increase of the temperature, see Fig.6. During the (endothermic) reverse transformation, self-cooling 
decreases again the temperature. Since energy is dissipated during the phase transformations, the 
temperature after one complete cycle is increased. Entering the residual vibration level, the phase 
transformations no longer occur and the temperature decreases slowly due to the heat transfer with the 
environment. Since the transformation stress increases when the temperature of the wires increases, the 
stress-strain hysteresis loops tend to be upward, see Fig.5.
In the quasi-isothermal case, the heat transfer with the environment is fast so that the latent heat is 
compensated quasi-instantaneously keeping the temperature of the wires constant.
In the intermediate case, shown in Fig.6, the temperature increases during the first half of the martensitic 
transformation. As the transformation slows down when the pivot point of the oscillation is approached, 
the temperature decreases again due to the heat transfer with the environment. During the reverse 
transformation, the temperature decreases below the surrounding temperature. This results in curved 
hysteresis loops, which increases the dissipated energy per cycle and thus increases the damping, as seen 
in Fig.4.

SMA wire 2

beam L, E, I

SMA wire 1

Figure 1. Cantilever beam constrained by SMA wires.
Time [s]

Figure 2. Time response of the beam tip displacement 
for various wire diameters.

Time [s]Strain [%]

Figure 3. Stress-strain relation of wire 1 for various Figure 4. Time response of the beam tip displacement 
wire diameters. for various heat transfer coefficients.
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----  h = 2e+1 W/(nrr K)
----- h = 2e+3 W/(m2 K)
— h = 2e+5 W/(m2 K)

Strain p*,]

Figure 5. Stress-strain relation of wire 1 for various Figure 6. Temperature-strain relation of wire 1 for 
heat transfer coefficients. various heat transfer coefficients.

(3) Dynamic tensile tests

Target: The stress-strain-temperature relation of pseudoelastic SMA wires is investigated 
experimentally by a series of tensile tests approximating the conditions of SMA wires applied in
dynamically loaded structures. The experimental data, which confirm and extend the results obtained by 
Schroeder [4], will be used to predict the potential damping enhancement of composites by embedding 
SMA wires.

Approach: Dynamic tensile tests for SMA wires are carried out with a servo-hydraulic tensile test 
machine operated in a stroke controlled mode. The measuring system consists of a load cell (based on 
strain gauge measurement), an internal stroke extensiometer, a laser displacement meter (also recording 
the stroke signal) and a thermal camera for distributed temperature measurement. Dynamic testing up to 
20Hz could be realised.
As a measure of damping, the specific damping capacity SDC [1,4] is calculated from the experimental 
stress-strain hysteresis loop, as shown in Fig.7. The SDC if/ is defined as the ratio of specific dissipated

energy D and specific stored energy U of one complete stress-strain hysteresis loop [], i.e. y/ = • For

linear-elastic materials the SDC corresponds to the logarithmic decrement [4].
Although the SDC describes completely the damping property of the SMA wires, a high SDC of the 
SMA wires does not simply imply high damping of composites with embedded SMA wires. Even when 
the SDC of the SMA wires is high, the damping of the SMA composites may be low if only an 
insufficient amount of energy is stored in the SMA wires. Thus, apart from high SDC, the SMA wires 
have also to store a considerable amount of energy, i.e. provide sufficient stiffness. In order to predict 
approximately the damping of SMA composites, a symmetric unconstrained layer configuration, as 
shown in Fig.8, is considered. Relating to a reference configuration of basic material only, the Young’s 
Modulus E and the longitudinal SDC y/l under longitudinal loading as well as the flexural rigidity El and
the flexural SDC if/f under flexural loading are obtained as [2]

longitudinal:
Et _ Ex E2 V
E, ~ JEj

Ei'Wi + E2
Vi

l-V ■Vi

El +
l-V

E.
(1)
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flexural:
Elf 1 + 0.25 • g21 • H32l + 3 • g21 • H2l • (l + 0.5 • H2X )2
El ref 1 + 3‘H^ +3-H2l +H\x

... _ M + ^2 _ ' W\ + El2 • y/2 .

where the subscript 1 denotes the basic material (e.g. GFRP) and the subscript 2 the damping material

(e.g. SMA), furthermore V = ———, e2l = and H2l = — with Ex = 34GPa and = 0.02 for
/z, + h2 Ex hx

unidirectional GFRP with a glass-fibre volume fraction of 0.5. The SMA volume fraction is V = 7% and 
E2 and if/2 are calculated from SMA wire tensile test data.

Results: Experimental results obtained for pseudoelastic NiTi wires of diameter d=0.15mm and 
d=0.75mm are partially presented and discussed in the following. More elementary experimental data 
can be found in Schroeder [4].
The effect of training on hysteresis subloops: Figure 9 shows first cycle quasi-static hysteresis subloops 
at various prestrain values p and strain amplitude 0.5% together with a full bounding hysteresis loop. As 
the slope of the loading/unloading paths decreases as the martensitic fraction increases, the subloops 
become thinner and thus the specific dissipated energy decreases as the prestrain increases. Further tests 
therefore focus on 2% prestrain. In Fig. 10, hysteresis subloops at 2% prestrain and 0.5% strain amplitude 
are compared for three different conditions: quasi-static loading of untrained wires, quasi-static loading 
of trained wires (200 cycles between 0% and 6% at 1Hz), and dynamic loading of trained wires. With an 
increasing number of cycles a decrease of the transformation stress is observed which for loading is 
faster than for unloading, cp. [4]. Thus, the height of the hysteresis decreases whereas the width remains 
since the strain amplitude is prescribed. Although the SDC of the SMA wires increases (from 1.85 to 
1.95) due to the training, see Fig. 11, the SDC of the unconstrained layer configuration decreases (e.g. 
from 0.18 to 0.13 for flexural loading). This is due to the fact that the energy stored in the SMA wires 
decreases considerably, thus confirming the above statement, that apart from high SDC, the SMA wires 
should also store a considerable amount of energy.
The effect of dynamic loading: When dynamic loading (at 5Hz) is applied, the temperature of the SMA 
wire increases (by about 2K) during martensitic transformation and decreases (by about 2K) during 
reverse transformation (as recorded with the thermal camera). Thus, the transformation stress increases 
for martensitic and decreases for reverse transformation yielding a sickle shaped hysteresis loop. 
Compared to quasi-static loading, the flexural SDC may decrease by about 30% for dynamic loading at 
5Hz.
Expected damping of SMA composites: Whereas the previous results are obtained with thick wires 
(d=0.75mm) to enable temperature measurement, thin wires (d=0.15), used as passive damping elements 
in the SMA composites discussed in Section (4), are investigated for various strain amplitudes at 2% 
prestrain and dynamic loading at 5Hz. Figure 12 shows the hysteresis subloops after N=100 cycles at 
various strain amplitudes. The corresponding SDC values are found in Fig. 13 and the normalized 
modulus and the flexural rigidity as defined by Eqs. (1) and (2) are given in Fig. 14. Under flexural 
loading at 0.5% strain amplitude, the SDC of the unconstrained layer configuration with 7% SMA 
volume fraction is expected to increase from 0.02 (for the GFRP reference configuration) to 0.077, 
corresponding to an increase of damping by a factor of almost 4. On the other hand, the normalized 
modulus and flexural rigidity remain almost unchanged with respect to the reference configuration of 
Fig. 8. This results from the fact that the Young’s Modulus of the basic material (GFRP) and the damping 
material (SMA) are similar, which yields the advantage of avoiding high shear stress.
Fatigue behaviour: Although the fatigue behaviour of SMA wires embedded into a composite structure 
will be certainly different from the fatigue behaviour of unconstrained wires, tensile tests up to high 
number of cycles have been conducted with unconstrained wires (d=0.75mm) at 2% prestrain and 
dynamic loading at 5Hz. Figure 15 shows the obtained SDC as a function of the strain amplitude and the
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One of the most important results is that passive damping enhancement for composites by embedding 
pseudoelastic NiTi wires is proofed to occur due to the stress-induced phase transformation. Moreover, 
an increase in passive damping has been achieved by a factor of 3.
Concerning ftirther improvement, it has to be noted that: first, the initial damping of the reference 
composites without SMA wires seem to be high due to imperfect manufacturing; second, the SMA 
volume fraction was restricted to 7% only; third, exclusively NiTi wires have been investigated.
Relaxing these restrictions, it is expected to be possible to achieve passive damping enhancement for 
GFRP at strain amplitudes around 0.3% by a factor of 10.
However, the fatigue behaviour of SMA composites should be investigated as well as the damping 
properties within the temperature range relevant for aerospace applications. Moreover, a wide range of 
alloys has to be considered.
Regarding possible applications, vibration problems where unstable vibrations are required to be 
bounded seem to be interesting, since the damping of SMA composites increases with increasing strain 
amplitude. In helicopter rotor applications, the prestrain required to ensure the stress-induced phase 
transformation might be naturally applied by the use of the high centrifugal loads acting at the blade root. 
Moreover, high dynamic strain amplitudes occur in flexible rotor blades.

— 162 —



References

1. Lazan, B. 1968. “Damping of Materials and Members in Structural Mechanics “, Pergamon Press 
Inc., Great Britain.

2. Mead, J.D. 2000. “Passive Vibration Control”, John Wiley & Sons.
3. Otsuka, K., Wayman, C M. 1998. “Shape Memory Materials", Cambridge University Press.
4. Schroeder, B. 1999. “Damping Properties of Pseudoelastic NiTi-Wires, ” NEDO Report FY1999.
5. Boiler, C., Konstanzer, P., Matsuzaki, Y., Ikeda, T. 2000. “Damping with Shape Memory Alloys for 

Structural Systems,” Proceed. 11th Int’l Conference on Adaptive Structures and Technologies.
6. Scherrer, P. et al. 1999. „Passive Vibration Damping in an Alpine Ski by Integration of Shape 

Memory Alloys,“ J. Phys. IVFrance, 9, pp.Pr9-393-Pr9-400.
7. Fosdick, R., Ketema, Y. 1998. „Shape Memory Alloys for Passive Vibration Damping, “ J. of 

Intelligent Material Systems and Structures, 9, pp.854-870.
8. Gandhi, F. and Wolons, D. 1999. “Characterization of the Pseudoelastic Damping Behavior of Shape 

Memory Alloy Wires using Complex Modulus,” Smart Materials and Structures, 8, pp. 49-56.
9. Gandhi F., Wolons D. and Malovrh B. 1998. „An Experimental Investigation of the Pseudoelastic 

Hysteresis Damping Characteristics of Nickel Titanium Shape Memory Alloy Wires, “ AIAA-98- 
2036.

10. Baburaj, V. and Matsuzaki, Y. 1996. „Material Damping Analysis of Smart Hybrid Composite 
Laminated Plate Structures, “ J. of Intelligent Material Systems and Structures, 7, pp.427-432.

11. Thomson, P. et al. 1995. “The Use of Shape Memory Alloys for Passive Structural Damping,” Smart 
Materials and Structures, 4, pp. 36-42a.

12. Kamita, T. and Matsuzaki, Y. 1996. “Pseudoelastic Theory of Shape Memory Alloys,” Proceed, of 
SPIE’s 1996 Symposium on Smart Structures and Materials, 2717, pp. 509-516.

13. Kamita, T. and Matsuzaki, Y. 1998. “One-Dimensional Pseudoelastic Theory of Shape Memory 
Alloys,” Smart Materials and Structures, 7, pp. 489-495.

14. Matsuzaki, Y., Kamita, T., and Yamamoto, T. 1998. “Vibration Characteristics of Shape Memory 
Alloys,” Proceed, of SPIE’s 1998 Symposium on Smart Structures and Materials, 3329, pp. 562-569.

15. Matsuzaki, Y., Naito, H., and Ikeda, T. 1999. “Pseudoelastic Thermal Behavior of Shape Memory 
Alloys,” Proceed, of 10th International Conference on Adaptive Structures and Technologies, pp. 
208-214.

16. Seelecke, S. et al. 2000. „The Role of Thermomechanical Coupling in the Dynamic Behavior of 
Shape Memory Alloys, “ Proceed. Of the IUTAM Symposium Smart Structures and Structronic 
Systems.

17. Shaw, J.A., Kyriakides, S. 1995. „Thermomechanical Aspects of NiTi,“ J. Mech. Phys. Solids, 43, 8, 
pp. 1243-1281.

18. Shaw, J.A., Kyriakides, S. 1997. „On the Nucleation and Propagation of Phase Transformation 
Fronts in a NiTi Alloy,“ Acta Mater., 45, 2, pp.683-700.

19. McCormick P.G., Liu Y. and Miyazaki S. 1993. “Intrinsic Thermal-Mechanical Behaviour 
Associated with the Stress-Induced Martensitic Transformation in NiTi,” Materials Science and 
Engineering, A167, pp.51-56.

— 163 —



1.1.7 27- F - 2 F72f
( 1 ) . (j: U A C

tL, L < rnbfiao f<7)##^LTCfL$rt:t#2 $ tb-c
6^, &4:8iH:(i7i;L2V7 2'^&^^LT,

fkT(7)t- H:y>k: 302-7 g 7&&##«bf& DVFB^(Direct

Velocity Feedback) &T* 0 , T t 7 ^ - K/< v 2

it~C' ^ %> t l'7 fW M L X^'Z> o L^L LAC<6) (Low Authority Control) t LXM

LAC t HAC (High Authority Control) <0 4^ MAC (Middle Authority 

Control) DVFBd?

^f&(7)#8iJ^7-2r*6^^^%6^4:L/:o 2722-M#m(±.
##L/:#%&#t6;&im#(7)2772-1:#BiJU #2(7)2722-^:

2K^-e#^LT&/:2722-$lJ#&(i, f(7)#$:):^^2722-7^;i/2V72'^jigmf

"C L ^ 9 2: v^ 9 #A^2^ o 7t:o

- h. ^92^-7<;i/2 v zcrm
#f 6 2 72 2 - 7 < ;i/2 V 7 2'&(i,

"C & 6 7 < ;i/2 V 7 2"#T&6o

h2722-t77'-l:'7V^-C%^^4:L, 

f Test vehicle ^
L-cmm^m^t6o 2722-7^;i/2V72'^mmL#&#f4:^^L/:m, #

7-7- ^^<-2 ):f62722-7^;i/2V >
%W4:4-&o ^$^#^t>7--'r^)6PVDF7M';l/A
&&#5bf&27- F . 2 72 2-4:7-7##4:7

hLT4:7'7-m7l(7)#^^EI0, f(7)^4:7'7-m2)(i%^] 

f%T&& 7 Ix%;i/#^1:Z 0##[:E^-C& 6 ^ ^ &7;fo ^

7^, 7 7 7a 7& PVDF 7 < 71/A (7)%##"

fOh 2722 v #

#[:Z 02-7-^272 2 -4: 7-7-(7)#'^#^#Ef6o

(2) . 2V- F7727--b>th- 
(2.1) 2722-7 < 71/2 V>2(7)#A #^##1^1^

#?#(7)##^^LT, $:mD(L,xLy) (mem r^v^-c-o 
K(7)f#m^@^:^#A6o

L[w(r,t)] + m(r)w(r,t) = f(r,t) (1)
r (D^i# A1: j3 tt 6 g# (x,y), w(r,t)^

gl 1 ^#(7)##^

—164 —



w(r,t)
'ill M- T 5r $tt o ~t & t ^ w(r,t) io X If f(r,t) (it— K [Hit tpk(r) (k = 1,2,3 •••)£: X^-fH $>C t Lt, kl

T(DZ 9 C 60

w(r) = ^ cpk(r)wk (2)
k = 1

f(r) = X m(r) (pk(r) fk
k = 1

(3)

izif L

w(r, t) =w(r) eya)l

(4)

f(r, t) =f(r) ey(0t (5)

L-ct-

cpr(r)L[(ps(r)]dr = cor25rs (6)

J D

cpr(r)m(r) (ps(r) dr = 5rs (7)

J i)

To

cpk(r) (k= 1,2,3 - -) Z 9

hf/Bo f
| 9k(ri) | — | (Pk(I*2) | — | (Pk(r3) | — | 9k(r4) | (8)

if U

-1 II 'x v; (9)

r2 = (Lx - x„ y,) (10)
r3 = (Lx-x1,Ly-yi) (ID
r4 = (Xj, Ly - y,) (12)
if L
x, <<L„ y, <<Ly (13)

Tfi, V-y;i/7

<#TLTL^ 9

A 1
(a) Rectangle

(b) Triangle

(c) Parabola

g|2

— 165



#f 6^T(Dt- Ke^#2:t6mv4:Kt6^M^ ^6« f >th-^
^ -t >"7- ^r#%f 6 2 «K CZA , ^T(7)t- K^lg#^ < f 9 X ? V > 7T

(2.2) %7-S'^7^^-iz>t!-- gI2 9 C, B^M^VW
K/jZ^CTCPVDF^^^A^, ^#?#&Tt:%#$fLTV^6ht6o f6^,

fX0 fX|/(x)

q = dx
(14)

Jo Jo

A/j L e„ joZ ^632 m:

2&"e2^^#mt62h^-C^62^(d:%(:#^(^ LAo

PVDF ^ -t 2 ^ ^6, 2 h - f 7 X ?-t >

th- bnf-&2 ^ ri-60

^ i£ ffM b L X V' & £K )F^ IK 7>4r ~ KMf^iiCm.n)^ “ K^A LT^gS2tL^ _h !2 mn 6

eilACK g]

z 1 &/-y&v ^ >^A6#, y
CiUlMLT, g|2(c)(:^tZ9^2^:Mm-ev^-^>y$KA#^ 

-e\ ##Mme2^Mmm±(7)^^Mm'em#fK(:\ t>^-^L-c(7)##^i%#T#62^^ 

aM%^2^MmT^6 h#A, LTiMf 62 h ^i"6o

VW = ^r(x-Xo)^ (15)
xo

(2.3) %7-F.97%f--(z>-9--a;%

Sensor 1 (DUj J]Qi A(15)"CEd)zE 2 tl 6 S^MI&'C v x. — tf > 7 2 ft tz 4r > — ( 2 tl £r Sensor

1 ^e^) x-7-h - & LT(7)##^#t6(D^S^e#Ef 6^^(:(i, A:
(i4)^mM^mi6^^^*6o f2-c\ 2 2r(i#####(7)#6^Tv^^aw^:#^#?%^A

#:#(:, Sensor l(7)#Aqi (^###^r#^f6o

$%^:#?%(^##t-KM%(Pk(r) (k=l,2,3'")(±^^60j:9(:#^^6o

(pk(r) = sin akx sin pky (16)

A/: L

166 —



2 ^ (it- .

q, = Z [sin jakx + PkVW) - sin {akx - PkV(x)}

Jo
- -j^sin akx] dx 

/:/: L "

ak = Wk^o(e31 +e32^k)

^:(l8)(:^:(l6)^{tAL#^t6^, #l#qk,,(i

qk 11=

JO

^ 2 Jlqk 12 (i

sin< %^x2 + (ak-%^|x + pky0}dx

rx

Qk 1 2 — —

0 (

sin
PkXo ak + ^)

xo y
x + pky0 }dx

S 3 »qk ,3 !i

= Jl^HsPkXo-l)

$ ^C^:(20)(i7;i/$;i/(7)&^^)(: j: 0 . ^c^(7) j: 9 Cgd^T & 60
Qk I I —

AkX0 ~*~ Bk,

4K
-si B,

12a;

+ sin AkCk j B k I
A, C Akx0 + Bk,

v VaJ j
-C * ]

M
xo

B-=I a,
l&yo] 

xo J

Ck 1 — Pk Yo

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

— 167 —



a t, ^(23)(D^a^ 6 ^ (x) & a r/c (x) 7 L ?- 4 fa#.h z rf ? 1% ^ %
L, ^(7)Z 9

rx

S (x) =

Jo

C(x) =

sin u2j du 

cos u2j du

Jo

9k 1 2 =

2A,
[cos AkC“ B>'( S AkXQ ~*~ Bk 1

/A:
-5

B k 1 1
v^Ak") I

(27)

(28)

+ sin--£^ Bkl^C Akx0 + Bk [ 
V Ak

C Bk, ]

1 l„ , 2pty0^
Bkl 2 lak H Xo I (30)

^:(20)X23)X29)e^:(18)C{t At6 2 ^ Z 0 , Sensor 1 (O^g, ^60

9i " ^ 11 + 9k 12 + 9k 13) (31)

&±C#%#L/24:>th- (Sensor2, Sensor 3, Sensor 4 <b Of ,&) (0*^92,93,94

V}/2 (x) = vg(Lx-x) (32)
\|/3 (x) = Ly - \|/(Lx - x) (33)
y4(x) = Ly-y (x) (34)

Sensor 2,3,4#m%q2,q3,94 ZCMi#:

(2.4) (2.3)mT#^tL/2 4:>^-m^^mv^T,

9odd/odd = 9i + 92 + 93 + 94 (35)

9odd /even — 9 1 "*" 9] — 9] — 94 (36)



(37)

K? 7 X ? -U:
Qeven /odd = 01 ~ ^2 “ ^3 + ^4

Qeven /even Q1 Ol "^" Q.3 Q4 (38)
B L"c#m-e&60

(3) . ^7 - h? 7% -(7)##
( 60 cm x 1 20 cm x 4 mm) LtN 2 Ijli'CjJJuB L /:^7“ f ■ ^7X^“ -te >

(7)1^1:, PVDF7 4;i/A(7)##%: (63, =75mC/m-,e32 = 
6mC/m^) ^-K#mWk (i,
(k=l,2,3 . ) Bt6o

msu:. ^(i5)r^tm#;Mm
(x0 = 5 cm, Yo = 10 cm) "£"> .x — bf's *f %tl tz Sensor 1 (7) -tr > B~ “ tB7) JB — K (1, 1)~(1,
20X:#LT^LTV'&o Type! (63, ^y#^[on:%#L7B#^) Cjolt
6(1,i)t- ^T(Dt>4B-m7:#^iEmil:L/2^<7)"e*6o

E^E'7]^#e3, Be32(i^(D#^i2.5^(D^^^)6/2^,
& < #^#$^60 El 3 Z 9 Type 1 B Type 2 (63, ^x#^|6]C%#L7B#^)
d'T\ ^^t-H:^6^B"TypeKDt>4B-m7]^^$6o y#^|6](7)^-B^%Mk ^
±t6^Bl:j:0. y#^l6](7)m#^l#±L, 2(7)#[6]
(±, ^(14)1: Z 6ZB^-e#6o k#g(7)t- Type 1 (±
^3,pk + G32a^ , Type2"C(i(e3,^ + 632^1) (7)#%^t>4B-m7ll:K^:$K6o

,%k (7)9 (i 1 B LT@@L,Mk <0&&i#%n2'tB6 B,a|! Pi (7)*^l#tDf 60 Type
1 -CliC^Pl t:^g%(Oe3, 6K6/2&5, B ^60

y^cOt^-tMX^yo = l0cmT^6(7)'exi,l)^"- K^^(l,12)t- Kl:j3V^T(ix#

3500 -1
ES5523 Type 1; e31 is set along the y axis

0)
C/3

§* 2000-

g 2500- 20
o

| 1500-
o

3000-

1000- Q-l- KXS

50O-I

10-

E13

—169 —



o

3 4 p; mK 94- w o
3 4 Mm EE X V 71 a X 4

M V n 4 c # p- [ 4 3 M 4 nk to X 3 1
9-r Si <1k X r £0 3 X o; 3 # I X <r 09. # 3
o A 3 4 4 yX 1 N (<

3
3 ED EE n 4 # # P3

V rr 4 1 93 Or s to 4 4 3 M 4 sS 4
>4 4 to X 0 93 A S H Cm 4 CO 3 Np 3 Cm

4 tot 3 M 4 X Mr 4 3 73 X p3 n to sF gr
[ fto CM 3 3 <r

~r 4
CD

4 # Cm r <
~r x t t r Cm Ho; 4 to □> 9-r fv 4 3 94- # BS
t 93 V V 4 73 4 0 9r O' 3 3 n? i# #
V <c

4
1

4 y i

i
3 O' 4 toi 4 4 H 3 nk

4 3 1 X to X 4 w □7 X m
[ E-Id CO 4 to

4
3 '

* I
^ 

X" V" 
w H

4 #
it ^
V 2m
4 4 

I #3 
EE 4 
<3 4
9+ £M
3^ mil
94 3

<5" ^

94V P&

4 # 
MM # 
W 4-
3
4 ^ 
w y(g|
3 94-

93X
3
g
f i

3 ^ U,
4 r? 3

T ^
Si 4 M

I ^ %)

Mr 4 x
P{4 (S "
tl ^ 
^ EH (4

4^- N-*

P

rv
r 3
r\ 4
<r

CM
CM

o
3

vP
w-

-nT

- n
4 me g

I ^ 3
-7T > ^

3

5
r i
to
P-
CM

3- tim
CM
x

H
73n>

r <
to

nk

Uin
3

to
oo
3
94V

4

9-r pr
% 93
H CM

n
S
t *
s!

Mr
w

V
H x 
x 4 
4 ^
_ CM

94V

4

to

On
O
o
3
x
ONo

4 ^
s d 

m »
EE o;
4 ^
' to

p
5 v
3 4

p-

p3 4
nP

4 ; 
4

4
Cm

- 94V

4 3
I t

5- 4 
^|1 

to ^ 
93 to
3 4

O c-

Cm
t
v
4

(
EE
3-

4 2
am T>q
^ =Dr ^
4 u 7 

I v 1
"4:

g x si 
$ S ^ 
\ V ^
m ^ !
4 4

i g ^ 
% ^ 4 
\ I

e ^ EE
5 4 3

Gain dB

w o
P~T

Sensor output ratio
Sensor output ratio

— to
o P

t
V

X
it®
m
3
Mr
Si
S
Mr

I
#

I

p
4 3

l it® 
EE n>
3 y
5
^ (

4 4
cs H

8 c o c too

I

Sen sor 2 [
■ |Sensor 1

1
nsor 31 J 34/iSe

Sen sor 4 1

z

1

'//////
, ,i

o
o

<D
Tl
Vi
V
i>
3

4 
4
a
(V

#

Spectrum

too
Gain dB

px
g

i
toe

Gain dB
too

i
toe

Gain dB

Driving point inertance 

Gain dB ^Phase deg
toe £>.O toe o ®

00o
P I 1 I I 1 I 1 P IT

Type 2: e3i is set along the x axis



PVDF 7 4 & A L ^ V ff# b ^ 6 : 7. 7)^^ 6 ,

o g't:. Type M:OV^T, 4 #S7)7 7 7 7 -(:#i"6 & t It (Sensor I <0# .%-CiEM
fb) ^#Mi-6^M5^^6, 22-M4. #7 7 7 7-(:^(.t6##.^- K$- 1
/FLTjoO. 2fiGmmV7^tn^#:i-62^'r7777-7 4;E7V>7"c

(4) . mm
fnj (61.2 cm x 121.2 cm x 4.2 mm) 4r ##. t L T 7 7 — h • 7 7 7 7 — -t: > ■+)" — cTj : '<

B^M%(7B#7C^LT(±x^ = 5cm,yo=10cm 

Type 2 hf 6 2 K - t > 7>7'(T)#)#jb&fQl»]L^o
7 7- h . 7777-4:>37-!:j:64 @#(D 7777-74;!/7 V 7 7"$5^&gl 6 C;j< UT w6,

g| 6 t - 7 77^^L"CjB0, #&&f6 500Hz $-C7)W#%#^(:^V^T(l,l)^6

(l,8)f- #^2 2#(7)^#t- K^4#M07777-

!:#giJL/2$g^:^EI6(b)-(c)!:/F^^'C

EIZ0%6^^Z9(:, 2 2@#%f6t-K^, 4##^7777-

#C#glJ$tL"Cj3 0, ^^T##L/2 77- h . 7 77 7-t747-(D#^%^2 2!:mE$t[T 
v^6o 2 2##:e-K(7)f*k mmc^v^7-7^#:m#%LT^0, eilA(f(l,4)t-K

(139Hz) joj:[f(2,2)^E-K (138Hz) 7-7-h'7777-4:7^-^]@^t

62h(:Z 0, 2K^C0t- K7777-joZmm/@^- K7777-(:#B^#

glJ$ttTv^6o

(5) . mw
PVDF 7 4 ;l/A f6 77- b - 7 7 7 7 -t 7^- L, f 7)^T^#^V:EL/:o

i . 7777 V >7'r&677-

b - 7777-t7T--&##U
2. 7.--7C^f62hf±-C^&Wx f

-e^)6 7 OE^-e#: 6 2 ^mmL/2o
4 . t- Kmm(7)^#^±&v^iq]!:t7 47^^%#t6 2^!:Z V, >7--mil^#6
2^^r#6o $/:, 22r#m$fL/277-b - 7777-t7'V'-(7)M@#^l#t0t6!:#v^ 
t 60
5. LT77-h. 7 77 7-t>47-(7)iEm#^mEL^o

##:££*
1. Balas, M.J., J. Optimization Theory and Applications, 25-3, (1978), 415-436

2. Meirovitch, L. and Baruh, H., J. Optimization Theory and Applications, 39-2, (1983), 269-291

3. Meirovitch, L., and Baruh, H., J. Guidance, 8-6, (1985), 707-716

4. Gustafson, D., and Speyer, J., IEEE Trans. Auto. Contr., Ac-21, (1976), 65-73

5. Balas, M.J., J. Guidance, 2-3,.252-253 (1979)

6. Aubrun J. N., J, Guidance and Control, Vol. 3, 444-451 (1980)

— 171 —



7. 55## ' 64-619, C(1998), 780-787

8. 55## ' 64-619, C(1998), 788-796

9. 54:## - ###!%,##&, 64-622, C(1998), 1940-1948

10. 54"## ' 64-627, C(1998), 4231-4239

11. 54:## ' 65-639, C(1999), 4312-4319

12. 55## ' 59-567, C(I993), 3444-3451

13. Spiegel,M.R., Mathematical Handbook, McGraw-Hill, 1992

(8) .

(Si±5g§i43«J:tfgRg#3#)

B#:####^X#66# 646# pp. 1793-1799 54c 12 5 6

55 • ##

B 66 # 648 ^ pp.2576-2582 54c 12 5 8 ^

55 • 5#

B 67 # 653 # pp.2576-2582 54c 13 5 1 ^

55 • l§5

B#:###^X#^#5 (##^)

55 • 5#
5 5m%5K##l2:t&##?'7X?-7 V (##7^ V

> y ^ X A )

55 * Is 5

55 • fSS

B5###e#X*%#5
5if • 55

B

• 55
9 Active Vibration/Power Flow Control of a Distributed Parameter Structure

7th International Congress on Sound and Vibration in Germany 54c 12 5 7 ,4

55
10 Active cluster control of structural acoustic power using smart sensors 

InterNoise 2000 in France 54c 12 5 8 fj

55
11 Active Cluster Control of a Planar Structure 

Fifth Movie in Sydney 54c 12 5 12 >4 

55

— 172



13 Active Vibration Control of a Truss Structure Using Modal Sensors 
Fifth Movie in Sydney Ef£l2El2^

## • BE
14 Clustr Filtering of aDistributed Parameter Planar Structure Usind Distributed Parameter Sensors 

Fifth Movie in Sydney ^¥$112^12$
f§B • EE

(□Ei%E)
15 An Experimental Evaluation of H infinity Control for Acoustic Power Supression 

Sivrioglu Selim, SS " BE

8####^2000#%#.&±^ Wl 2^81! 3 8
16 Cluster Control of a Viaduct Road 

Yuksek Ismail, SH? * BE

^12^8^3 8

SS * Yuksek Ismail • BE

% 12^8^3 8
18 PVDF 7 T T V

• BE
8 & D Conference EJ& 1 2^9^68

• BE

8 D & D Confemnce f ^ 1 2 ^ 9 ^ 6 8

E# • B E

8 D & D Conference 1 2 ^ 9 ^ 6 8

liB ’ BE

8 D & D Conference % 1 2 E 9 8 6 8

I Yuksek (##%#) • SH * BE

8 2#:#### D & D Confemnce f ^ 1 2 E 9 ^ 6 8

## - I Yuksek (####) - BE
8 E###^ D & D Conference E$c 1 2 E 9 ^ 6 8

173 —



i.2 jtgSctta

®ytt3tl'e-&®#saSicESM-B-9"5f£:*-$-?S$S«tok y ->^;v-yro$ 
its tcj; 5 WMH J: tf'SS# tt* if & 7V A 7 - • ^7i'^7-tl*ltl^1 SSL
rv'5^eT7k^*$S.-eS5 ^ <k^*EUfc„ $/kx MKK'K^A 
®SriS«L/k$:^EI+, ##LX ilftWillcJ; 2 Ife««i;l^±t6c iS'
$11 Lfc0
£$$ vrv'5®T/Hi,

##tT/k|cjav'-C, $K'e$Hg$iv'CV'5> =k 9 &x !;:%£/,£ t x-r y ->y=.;i-
6^-e# 3l?fP£;it>*»

irtfs-Ct 5; t £r$EEL.x ^efrVvSrS £>(c%JS$-ti:fc0

(ii) rsrtii^SSttWtoM^j OW®!*)
11 ¥$$'ClcBir Ufc$iJ$PSffS: 600x600mm2 Ol^WM®*tl)S l, li^SJjlp 

WSmStoll^lCttL-Cte 15dB ®{g«x JEffiiSii^^^fLTtt^--/^- 
:t—/V"C 1.6dB(30%y±)®<6SSr$9,Lfco $fcx r cdSE^X'^E->7. h A—^j3j;Ui$
m&yoicmmirzm-ktDizm-ty ? 7^^i:»t5i*ttifc*Lfc„

Lfcw^ttSA/iEffbii-TV's^, *#%®z 5*£s«® 
*l^{g«£fTofcW^f}|SS§S|5i)ir V>*®„ SfcN #SJa®$jsJ;VlSSiEtoB^fgSlE 
jb'V'T, HRI • Hl*l®g^7K^®/i8$^#TV'5„

aii) r$#je®ge,t£«j (s±ns)
SSLtitiSEfrSrffi WcftS 800mm ##LX j: 0 #

ttfflW8il6$rl+$iJL. B8«-efc5S»WS® 50%e«^afi6Vfc„ $fcx f#b*ifcT- 
^icSO’v^fcf PS$*S?tfr^ffV'. Lfc#^-lcfc
#6it5 B

5>*SS®eSttttEf*SrffiV'fcS®$iJ#®eF5Ett/>^< x 65 800mm

I £ fc S ft S ® $ It T5 fc 5 „

(iv> r^$*#mmmRE®w9EM*j (m%)

V'fcSJW&SrSE-e-L, Bff^ftLfcl+aiJ • ®J»S*4rJ|4Lfc0 $fc, *# 1m ®#K^
. tg®®J»(E»Sz;Lfcf+aiJ • ®Jtii£E&iSffl U %(D&ffi<n

#ate*atfc.
• SSbSJffiitt, < x

a^SEXff 7) fc k"7>±6ft7tt#< ®#Jp#®HX*?|V'fc0

— 174 —



(v) rfliiSs'Sa'ti'ft"71 A<x)M^gj —• v y4 x y—)
=t Lf**#*e&*s±^t is/j l-cw-sy u ®*E«e6®* 

I#»i LT<m5T|gtt*® L/to r (7)rfSlS*jy J::/ 11 *££vic#e>*ifcj«*tcs;-dv' 
xsytE'B-S-^ye^it^-WiFiSrEtf-x KfbU lilijWKi-i ?!. 3 fSrsi® $

fm£#£t^-x££3 b#®®KE1#eA£@a^. »@P'l4Be<73t x^r U yx/i-

L-CJMta****Eg
Siisrfc® ?o

(vi) fxx-- b • x b x^3#%j (%a#3k##K#f±#)
^ 5x£ — fMWt-fflV'-Ss E*7-f/vASrfflV'fc5>*g#:3$lzy-9-— (xx — h • ^ 7 

£#56 U 3®KfH££Bfl3;£k:Lfc0 $fc,
UfcSSH^lcJ: 19 x?- b • ^ xx£—try-9-rof Ktt£SELfc«

mr-hO, J>o, £ 5x£-MJp£fT9 3 tK± 19 , 3 3 3
tt#6<J(c®V'Ffl£SltTV'50 mtt-ft, L

xyfcfc*, JSl$#:®-kl®£$to LTvfc*x 3®#56lcJ: 9 , 
^fctEi~&-t'<X<DMW)^— K(->tt®'e# 3 X 0 fc&ofc,,

1.3

4¥#ll^>-^itt, ##|ip®-efeofc0 3 ® /i it>, e#@, -tryfx T££axL
-£#£-*{bL£/j'S5#m#l, #$$!$$ £®fFU mir LfcT ^ x ^ £'//< x y-/$j#p 
£X£Ag#£f 536lcmm L, S«J, !$6\ ®Ki9J«KE£fT-3fc„ ErofeU, «s« 

^#/^r,-roe«-xri1He£Ex.3®JPttfB^#3iL, $J)6PRE®SJlSi$£ 
H|jEVfc„ 3lx3tt, HHtolc£*S*i|®)5K$X:’fc3„ 5 3lc, »3fifcx-* ££13, 
xtyx b y-f 3#^-®##mE#f-3#*f±«£EL7t.

4-e. m&Ltm* - b y-£icsi*$E3. m
7t, smttttSt{*£fflv'fcB®$ib$ij«ij$«tt^y y- K®sa?wsies(cN s
REBA-AIC A^^/y-K, o £ y b* fc'®tgfjfflfPi;y 5>
#SiJW»gffttESryxEJ£3yt°3.-£®#«1*S, £®$Sj •
'^® ly b9 5 E 3 o

— 175 —



2. W3E3&: Xitt, ¥f¥f

4)

5)

6)

42®«ig3®af(cM't5

=1

2.1
1) mm ^

##^###, pp. 173-176 (2000).
2) ft# - #*6, “,R TiNi

pp. 221-224 (2000).
3) ft# - l&l#, ” TiNi B *#### 2000

t&XM, Vol. I, pp. 45-46 (2000).
K. Nagayasu, T. Hayashi, N. Uchida, H. Nakamura, and H. Takahashi, “Vibration 
Mode Reconstruction of a Thin Plate by Using Shaped PVDF Sensors,” Proceed, of 
11th Int. Conf. Adapt. Struct. Tech., Technomic Pub., Lancaster, pp. 50-57 (2001). 
C. Boiler, P. Konstanzer, Y. Matsuzaki, and T. Ikeda, “Damping with Shape 
Memory Alloys for Structural Systems,” Proceed, of 11th Int. Conf. Adapt. Struct. 
Tech., Technomic Pub., Lancaster, pp. 336-343 (2001).
H. Naito, K. Funami, J. Sato, Y. Matsuzaki, and T. Ikeda, “Stress-Strain 
Relationship of Pseudoelastic Trans-formations of SMA during Loading 
Cycles,” Proceed, of 11th Int. Conf. Adapt. Struct. Tech., Technomic Pub., 
Lancaster, pp. 344-350 (2001).

7) V. Baburaj, Y. Matsuzaki, N. F. Andrei, and T. Ikeda, “Specific Damping Capacity 
of Multiphase Unidirectional Hybrid Fiber Composites,” Proceed, of 11th Int. 
Conf. Adapt. Struct. Tech., Technomic Pub., Lancaster, pp. 417-427 (2001).

8) V. Baburaj*#llfnf*mffl, “Material Damping Analysis of Multiphase Composites by
Multicel Method,” # 37 [g B ^^##^ft^ ' pp.
84-85 (2000).

9) ft# - - mm, "Nm # 37 [m
Bft#^ft##^ft^ • pp. 86-87 (2000).

10) #|I# - ^# - ft# - mm, “ b TiNi
#37 88-89

(2000).

rpp. 101-104 (2000).
12) 3% - - mrm,#2

105-108 (2000).
13) ft * # * ft# * rffr

pp. 109-112 (2000).
14) P. Konstanzer, C. Boiler, R. Raveendran, B. Schroeder, “Passive Damping

— 176 —



Structural Systems Using Shape Memory Alloys,” % 2 [H l 7" 2*\
pp. 113-116 (2000).

15) @4: - FW, “ 1 7 h % K^r)V^
T,”#2[H] 121-128 (2000).

16) #2[g
## ' pp. 129-134 (2000).

17) Y. Matsuzaki and T. Ikeda, “R&D of Active-adaptive Structural System 
Technology,” Abstracts of US-Japan Symposium on Smart Materials, p.14 (2001)

18) V. Baburaji, Y. Matsuzaki, and T. Ikeda, “Analytical Modeling for Passive 
Damping in Smart Composites Using a Multicell Method,” to appear in Proceed, 
of SPIE's Symposium on Smart Struct, and Mater. 2001, [4331-01] (2001).

19) C. Boiler, P. Konstanzer, Y. Matsuzaki, and T. Ikeda, “Damping in SMA-reinforced 

Composites Using SMA-intrinsic Properties,” to appear in Proceed, of SPIE's 
Symposium on Smart Struct, and Mater. 2001, [4332-60] (2001).

20) S. Machida, Y. Matsuzaki, and T. Hagi, “Vibration Control by Smart Structure with 
Electrorheological Fluid,” to appear in Proceed, of SPIE's Symposium on Smart 

Struct, and Mater. 2001, [4327-25] (2001).
21) T. Hagi, Y. Matsuzaki, and S. Machida, “Experiment Evaluation of Smart Structure 

with Electrorheological Fluid,” to appear in Proceed, of SPIE's Symposium on 

Smart Struct, and Mater. 2001, [4327-26] (2001).
22) Y. Matsuzaki, H. Naito, and T. Ikeda, “Unified Modeling of Thermomechanical 

Behavior of Shape Memory Alloys,” to appear in Proceed, of SPIE's Symposium on 

Smart Struct, and Mater.2001, [4333-52](2001).
23) K. Takahashi, K. Bansaku, T. Sanda, and Y. Matsuzaki, “Sound and Vibration 

Control Tests of Composite Plate by Using Piezoceramic Sensors and Actuators,” to 
appear in Proceed, of SPIE's Symposium on Smart Struct, and Mater. 2001, [4327- 

79] (2001).

# io pp. 28-29

(2001).

25) S. SelimB 4^, “An Experimental Evaluation of H Infinity Control for Acoustic
Power Suppression,” B 2000 (2000).

26) I. Yuksek • • E0 4h “Cluster Control of a Viaduct Road,” B 2000 ^
(2000).

27) -1. Yuksek - @ f 7 % f V ^ f 7 % f -
B 2000 (2000).

28) ^ PVDF
B :$:#### D&D Conference, (2000).

— 177 —



29) mm, B^
###^ D&D Conference, (2000).

30) /p#- @4:, D&D
Conference, (2000).

si) mm - mm, v xx,”
D&D Conference, (2000).

32) i. Yuksek- - mm, 7^y-m«j#(m^ati#^)c sm:#
D&D Conference, (2000).

33) m&'i. Yuksek - mm,B##
D&D Conference, (2000).

34) Tanaka, “Active Vibration/Power Flow Control of a Distributed Parameter 
Structure,” 7th International Congress of Sound and Vibration, Germany, (2000).

35) Tanaka, “Active Cluster control of Structural Acoustic Power Using Smart 
Sensors,” Inter Noise 2000, France, (2000).

36) Tanaka, “Active Cluster Control of a Planar Structure,” Fifth Movie, Sydney,
(2000).

37) Kikushima, Tanaka, “Active Vibration Control of a Truss Structure Using Modal 
Sensors,” Fifth Movie, Sydney, (2000).

38) Fukuda, Tanaka, “Cluster Filtering of a Distributed Parameter Planar Structure 
Using Distributed Parameter Sensors,” Fifth Movie, Sydney, (2000).

2.2 X#
1) mm - #&, btxf-— . y 7x^—7/

— 66 # 646,pp. 1793-
1799 (2000).

2) mm ' FW, "7 b D y 7, &/<7—— KU-ot'T," B*###
66 # 648 pp. 2576-2582 (2000).

3) rnm-mm, “^-7—67#
653 pp. 2576-2582 (2000).

4) mm - m#, x - y/x- ziy bn-/^

5) mm - mm,
i;>xy

6) mm-rnm,

troxs&fim.

— 178 —



2.4 (y #)



— 180 —



SgIVS

1. .........................................................................
1.1  

m m

1.1.1 7^7^a.X—*?VifA ' 9) 1/—7 A#...................................
1.1.2

1.1.3 ...............
1.1.4 ........................................
1.1.5 Sr7^^a.x-^m^jm........................................................

1.2 ...........................................................................................
1.3 &H

2. 7:#, .....................................................
2.1 ........................................................................................
2.2 $M
2.3 ##$
2.4 ...........................................................

183
183
183
184 
187 
191 
196 
206 
226
227
228 
228
231
232
233



IV. y J.X--

1.1
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#±(7)m^m (1.4%-x^T0.23%)

— Summary —

Material Characteristics of thermoelastic shape memory alloy(SMA) have to be improved toward two 

times higher level so that SMAs can be applied to smart material/structure systems in engineering view 

points. For this purpose, the novel material processing technique, “ electro-magnetic nozzleless 

melt-spinning method” was used to control the crystal microstructures of fine columnar grains with 

strong texture. We succeeded in producing the rapid-solidified TiNiCu(Cu=0~ 20at%) foils with narrow 

hysteresis and ductility Besides, we developed super high temperature near equiatomic RuNb alloy

having about 1000°C of shape memory transformation temperature ranging from 600°C to 1000°C. 

Moreover, very thin foil of TiNi alloy whose thickness is about 10 ism can be produced by utilizing 

multiple, alternative hot and cold working processes. The material properties of the developed SMAs by 

new material processing methods have been evaluated by using laser-microscope with tensile machines. 

The aim of this project is the development of the ferromagnetic shape memory alloy Ni2MnGa actuator,
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which operates under magnetic field. The bulk, sputtered film and pulse discharge sintering material of 

Ni2MnGa were developed. Thermal and magnetic shape memory effects were observed in Fe addition 

Ni2MnGa. In the sputtered film, thermal two-way shape memory effects and magnetic shape memory 

effect were observed. Polycrystal bulk material showed the large magnetic strain 0.23 by magnetic field 

of 1.4 T. This is the champion data in the world.
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% 7 7Xlb®|g$tt, »• «iS•>XT-A®StilfdtS q"X 7 7 -Xr, X- 7

©Sii-flX $-□ <b/=t X (C <h o TW4$"C$)5„
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Grain
boundary Domain

(L-wall

Domain

Domain
(movemant-'-rotatlon In the direction 
of applied external flfld (H).)

Metallic Actuators DeveloDmflntl
Composition & I High Performance

Microstructurss Control T Multi-function________

Flactromatnatic NozzlaiaiTiatt-tplnnlnf Method
•Me(l+Work=One Process ^ Simple's Ships & Size Control 

(Cooling Speed Control)

{Grain & Interfile# Optimum Control
Amorphous I Ripjd-sofidified

(Rendom-e terns) T Nino-Micro CrystsBInes

Fine Columnar Grain Structural!
(Heit Tree (monte) T (New t high functions)

Fabrication!
Fibers(4=20'100pm). Chops(Aspect Ritie)/ells(t=30-120 p m)

0 1.1.2-1

mmmmm+zmz-XfD ry -r y

Raw
Material

Up/Down 
moving by 
Motor

High Frequency 
Current Coil

Copper Roll Levitated Molten 
Alloy

Roll Rotation 
Speed 28.3m/s

Fe-Pd foil

0 1.1.2-2

ca G.B controlled Material 
CD [Theoretical Random Polycrystal
Low 27:32.0%

.. Jrnrn[hanrhi^rflrnn~i.w~i,-nrnr-i-i
1 3 5 7 9 11 13 15 17 19 21 23 25 27 29

£ coincidence boundary

14

12

10

Z 4

0 1.1.2-3 X/v y^ 0 1.1.2-4 SEM/EBSP {:: J: SSfS®

0 1.1.2-5 £ nrt s ma

(t i n i)
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1.1.3 mvzeii*s?«8 tmm#mtmm\zwrzwm.

( 1 ) ¥®SMtS:W't3 TiNiCu

m#i$M7?9-3.x—f'fkmizmm*z TiwmS0.x.cux{x-<r20at%)<D^unT<omi&-~^

$ixyf&tbmm%® 1.1.3-1. nkmmftVi (dso cjcsggissts (at-a,-m,) ajm1

E1St>T"®-SGll(A £ sme)® c u1.1.3-2 CiST.Cu ^tit®* ®D S Cl. 

ck 7/8:-EOT®- tXf'J -> X ^ C/EilSil/bAT taiiSVTU <3 , Cu= 15~ 17ai%ftlfi£ TM.'Mfi 

SLfcAC Cu-20at%Tli. 4iM©ill>7W77X (MSS’bK) K©fc#A<096V>SE (V 

AAO. SttEtexOStt/j:* -) fc„ Sfc, A £ SME fXDATtt. Cu=5at%T#:A:£7rU- 

r®*#©3EtoH4»‘6. &&$§@i£K:«k£ TiNiCu ft&Ttt. Cu-iOat%#E 

©ifiBK-e-^x. *&ttxwm%nvT> ^-x'te®@sstx^n.x-x®'lisinr

iig&A A^fe^T), A©tti5®ffifito$. ?H7^?-aX-^#iLt*I4;iW>£ife. 

$fc, E*®iSSlnrti® Cu=8at%fcU£-e®flill5»s'totfT#$yAs'X#fc@ti3 <A LT. as-®

A A fe l:S#«ig-^® fe®©ttft A*** 0.

S#@®tc=k . *x>, •

Bftlc>ct-r^3iv45KS7F-r@Hl2ti-3TVi5AAAi#SSn-E).

(2) iS$S«E1S^&®M%

SirS (4 0 0‘CJXA) ($$H4) &W"t-5E{i$7X^£iX-X--tr>-ft

is. bwt

77zL%—X©fXfA*M%E#* 4:7/0S$4#H, +a — U —S 

Tt)2 0 0~4 0 Ot^'-Brl/S-tfAXabSo A®*.TSMA Ttt.NiAlMn 6 0 0-7 0 O'C. 

*ffi55SSn/2RuNb, RuTaTIt 1 0 0 0'ClA*f'5Wm##g#4*T©6AC f 

®$E?B$®ffiJ$ft#tiW1:mEO'T>. 0® Att$ AcH A A A:ti-;Ao Ttt©Ac©„ f
AT, u -NbR-a36f®ESiffiSMA®nr|gtt&^t2^EUAc= RutANb

(Nb=46~54at%) ®*£SiSnLT7-Xi§)RLfc*ti£ 1 4 0 0 1Tl%Klt:#%4 # A# I:, 

DSC. XEISBBB@tfr6J:mmmIt ic 4: AStt@«*®$te£ffoft.

MBEffitSS (M f , Ms. As, A f) BNblWWtt (H 1.1.3-3) *4:7/1 0 0 O'C

#E-e® 3(0 1.1.3-4) »$. ds c0m*#@#3e##%me-emgKi8 

7oTH5 A A£l*J:HT14D®TBf]CAtAT*/t0 A 61:. fttRu-TalMTfel 00 

0 rjy,±-C®E#ttSffiEE7)i'jg A -5 A A&#lg,UCc,
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(3) $U$0t i N i

*><omoMLttMmunixix (ej$) #§ie#**o®L&*
TiNi StSiSE, IMSft^©BitEtt&iixm

MSteaEM (#) STi (49at%) -N i (5iat%)SfflSslltim9ELEFfl~^@E2iM£lcX

SMIItlifflWtl'T i N i tcH 

OiMLiiWsESSISli K (JSWfrttti) •eE~»E»eilU. WS'J^^ffllO/imHT 

S'T’S^flnxMSSfiKTefc. ^©51® OS* (a) ~t>T> ( e ) #14 tS, El 1.1.3-5 fcS 

SStSSOiciiStoT i N i *mtHS[sIt;xi*0, £ = 7 ~ 8 %©$§0ilL$l;**ISi# 

ms 1 5 %W*tSlT*m±B@A%©Ct7)%^o*.

(4) mw2*^A©*4#w#mm • isvftfs® ©ms

ft > x h s- x * t c t s m a -f -s ms iznmti 7 r x x -t & §, salats

#*©ms^*-xf ©m©*#%#am<b&F*Tt,*®ic. mm:. s®~i o o omx-r

© TSMA(E®S$X-y 7‘ : B 1.1.3-6 #.%©####&B#tL*, HOilUX* X D§l® 0 

KMI (7x-y) ##©E—tfg#a#XX**(EI 1.1.2-7)*©##&%#L, #tc, 5^>yX

R©E#®©m#*t&@#-i#ijp${bf6tt&, etmmxx t*-#®T%omst:. 6) h

1.1.3-8 lets, »IB®X*£iWSLX TiNiPd XXXeT 2 0 0 X $*©ESt ©SEBtEmfX--

siitxxuxxtiSMsstx tsi6©:+m%©$#g&#icso, #e—(fasgyxfA 

*##© tsma ©stttgfbUH^ssTTtoiittissxsixx'x^esEETTiiiierax-x 

TIllnTS 5 t * W5 S h-E> „ S*. ®*©1 0 0Xjy,TX©TiNi*-n^7X3r—'NOliO

mLm@Anm##K#mi=j:6#,%#6%m©mmo%#6©#*'SW:mame©©%RL, 

'>*<**, mm-%@):#7#0ELxu-7°#u=Eifts, m%i:s:6@m**©mmfb#

(5) st®

^«SExx>i/xaitSBiit©5¥^ymniyD-kxE&M%ur, ssssttiets

Sf\ Ti50-Ni50-X-Cu(X=0~20at %)-&A©7—X%#*#&f#R&L,

f©#, ^.fiSIffllSSSfia#LScS, MIstWMMLfco (E

~@?**~£>"f>MfiO Fffl©7*, DSC t:S5ESiU$, $®?U$i|il43Sy:t>T>@«S© 
Cu -SWlffiSttSSIm Cu=8~15at%(Cf-©SStt©77*aX-7Wf4dsfet>t t&fgJSL-
*. $*, iS?g$ts©©Tts, Ru-m e#©i#%B*ig*&#:gT'51

ifclC. 600~ 1000X ttffiEto* t>$IIB$©fifi£ttS1l7 >y XSXStit L *, Sfc,
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Ti(50at%)-Ni(50%at%)$BS*ti£S$® E55B\iAT.StC J: 0 , |lt W-## L- XXX

lOfim $t»< 1"<6S®se®mm&ouecatxtt. %%##• ##->x?-Axwmm»<mh 

ftSftS. f fi 6 xinii&mMtts-on

UK,- tj.-f j/;.

*» : *E%Sff«cSfcOWUTBL #*&### (*4t*-X), iUS^-IS±

w>, u$-r„

:

1. ## "HgREIAfrAtf xiSm" , B24,1(1985)

2 . Y. Furuya, N. W. Hagood, H. M. Kimura, T. Watanabe and J. Tani: Proc. 9th Inter. Conf. Adaptive

Structure and Technology, (edited by N. Hagood and M. Allata 

(Oct. 14-16,Boston,Masachusetts (1998) ,pp.271-280.

3 . Y.Furuya: 1st Japan-France Seminar of Intelligent Materials and Structures,

(1998, Sendai, Japan) pp. 113-122.

4 . T. Watanabe: Res Mechanica, 11,47-53(1984)

5. 4omi4^RIMCOFI/3#-h

#716(W£)pp.l67
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El 1.1.3-5 ^ LfcSiWET i (49at%)-N i (51at%)
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u.4 Ett mmm ft <& © e® n m-r s mn
(1) BftAft

SVftBI&ftft (Shape memory alloys : SMA) tt, -ft >+h— ft7 X ftiX— ft ©jffi]7/ ©tS#ift& 

it© ft ft:ft ft «intiS©-8ft ftT^x 6 ftT ©S„ SttlBtSftfttiBlft-JSfttoZftiStiiS 

ftT, f©»K&$xftft, :%4BSJSfti£^<tft-t±SGift;»ftftTnft, 4e?S • XHMg 

«sf-^EE^gfB ft totajE < &m sntos.

isisft>jsft©©--ft&<, mffimiz£r>®mftAmm-v€ni£&®mfci>mtt2ti&. ©©j;
otltmt ftTBtt®ttEte-aS:Ni2MnGa/)i$)5„ ft©#*4tt, 5iE14©?a££®«-exJI/t- >

+K %x-#gm@@©maimf ft#x, ^amxa^a, ®a«aiEa

s’Btmmmmzmc-f [i-3]„ Ni2MnGaftAB#m% ft #K:B##*&###%, tmzmm 
ftft-fSftifcJ;0iBl5©SMA (TiNi) T©ff#&##&[n]ftftftS»rftASMAft ftTM#ft

ns „
y/za^x-^xtoisffl&gfgL. m8©%#ft(ft%m#amnmmfsma

#%aB1mftA©M%&BMft ftT, 7 - XSSti;I:ft6Ni2,0..1FcMn0S0Ga ()> = 0~ 0.16) ftft© 

ES, ftftXjffirBtftlBi (PulseDischarge Sintering : PDS) ft ©ft SNi2 lMno gGaft ft 6<Ni2 lsMn032Ga 

ftA©fM®, Ni-Mn-Gaft&XA> XJItofftSS'fi1©, -ftn ft ©#14£FfB ftfc. PDStiTB, 

i@@ft@$©fi$ftstt©aijesmx m*aAxx-x©i&m##a&m&x:. s&, xa° 

yXfttCftDfiKK^:8 (X~ft> XA :y X‘$7j) ft ft ft ft ft T Ni-M n-Ga ft MX

i4 0i»saLt. im, mm, ^a«jgtc&BT«®a©»#(cx>©Tiia 

ft, ftTt)F(BftSfe, EiUGftSffftRftitftftftT&il

Sftfto ft ft©, ft&liiftftoLftftXftziX-XtofESftff oft,

(2) iitw©(4S*?i

(2-1) T-XigStinftt/AftxaeSSSti

ft #7 SNi2.20.)Pe)Mno„oGa ft = 0~ 0.16), Ni21oMno.90Ga, Ni2.,8Mno82Gaft^S 

7-Xi§#(p©T{ft®Lft. Ni2.1oMno.9oGan=ky:Ni2.,8Mno.82GaftSnx)©TB, #ftnft^X >
hse^!Sft*s$tAftft:E, mma&mftmm#fftA&ffmftft. -e©#, ##

&#$(bft, PDS?£© ft 13SmiifiSfftEftfc,

(2-2) XA-yXH

iHiSxft'nhn>x/\°yxSESffl©, /k^sn/tTSu\£->v7iv^—iv (pva) *#&

S©ttAl203XK±©, XA-yfteftftftiBSftT, Ni-Mn-Gaft A# ft ## L ft. ftftsft — ft'-y 

hicli, Ni5oMn25Ga25nckUl'Ni52Mn24Ga24©ft)i)c$?e©28E©t)©Sffl©ft. #ftnftft#R©
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Sffi$T*7n LZr.„

(3) AJVXli-l'MISy 

(3-i) HE-ESS

Ni2.,8Mn<).82Ga^&lC-3^T,7-XS®f$lzB®$l&6nx/t|it#(a)*3d:y'PDSiS(C=toT«7iiS 

L- ft IS #4(b) © E tlE tl © EffiBlE 7. DM/feSEIlit (Differential Scanning Calorimeter : DSC) 

iGE • ^91jgj$tt0.167K/s (lOK/min) Tfr-afc. xnEO#b.tife®«- 

%EH-XE-E>7)l/7>tH hE®*3j:tXi66E®gltej3=fctXi^7SS (Af,. Mf. A„ At) £#

«6. E©lSUES 1.1.4-nest". PDS#©EtsB.KB7-XI£#M4©fc©iit'7i:Ea7Is:fflii

ttJLSti&ZPbE.

(3-2) EES§ii!I&

PDS tf$fflftTSrSTEffiiit!i!§:fTbZc„ E@ (4 bff > & m © T#l@ L E. f#6n/t

fS©-tKf©-li0£0 1.1.4-1 tC/ST. CllZD PDS#©#'l4&&)4*l40GPa &7LT©6. 

PDS X iZXbZPbfe [4j„

(3-3) jg^t&iiJS

—2iomm©a^#l:%D mLtPDsMlc. Ez$ • (EiSffl : sxs

mm. SEffl : 7X7 mm. HStSc : 2 MHz) SPttsgPWESJSSeS:

fflVtTS^zlSSlSSffoE, #Sl"Ctt#f4l*l:S:f5t)i6Ezi£. ®z6©(s#i$$ (Pi. Ps) Aj;CX

c(7>x'$) 

7X-X&7R&E. S6>iiZcSj$^b6*ttlLZc5¥ttS»©?aSte^ttSBll.l.4-ZdSE. C 

tiJ;0> 3¥ttSlti47)l/7>+H hElr£S#ffit?*S-<E-ftE-5X0. [sjfltcx©

tXf'J >X£$SSgLE„

<3-4) rnmn-f^vk
7-X(§#*(c 4 D ff#LENi2zoMaosoGa^-AI: 7)1/7 >-7 4 h^ESiUSitTlc*©T1.4 

T©B±S $7Plq Lfc <k > 30.23 % ©E$8t>-f>;65(fe U Zt (01.1.4-3). X ®{il4#l§,iiNi2MnGa 

AAtHEEAiU'f »©#4L7(4#67#©#7&6.

(3-5) mmm&ti
PDSfi©7)|/7>-!M hE#(:j=%Of^.©E'fb&mE • ?p£PaS71.67X10-2K/s(l K/min) 

-7giLTSBEb390 KSTifflJgW;. > £ ffl ©TSt®Lfc. $Zb, 5 T

©m(@T77R#©#j&7(4©. ^§;#i#©&a'E#@&#sLE. e©is$$hi.i.4-4(c^

t. *EiiT (0T) 7147)1/7>-9-4 hESb#xto0.2 %©tfT>E-ftoi5itiZc. -*. 5T 

©«£±l£Mnbfc±I-a\ ^-f»mt4H&A,^E'fl:L&A^bEAX 7)l/7>+K bEt§iB!$t4i:
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j: 0ffSLfcFe*$|4x*ch LT'ttti-NW.FeMnasoGa (y 0 ' 0.16) ff

t6tficj:d®ttEe%)$©%SOTia’snfc0 *<&-H*BiA4-5KjK*-. 

r®HIS, l6tJi$®&jinxfcE, h 1/-7>7"ffl$1 S'KiStlfcNi2.,6Fe0.o4Mno.8oGa-B'iC*3HT,

»m&. loft • ufctsjussr. cti«to. 2#iaj©jiMREie$Mi£

6 S tS#EBSnt. £t. 14 T©««sBJJn-r* C6(CJ:

Lt. tXr'J ->X$/hS<1"5.Ci:T^®<i:dtl-5.«jS6f6Td-ti'-5r

(4) X/tyXE 

(4-1) IHIH

fiKgiUt$$©X/VyXll©fiiiiH, X/ty Xmtl:KHttt##Sn-f, S§BBBti?6i'_hT

Et@S £ iEt" S11; £ 01 H B ttlA < A 0, 1073 K r«ft

o, reitt'&ss nt.

(4-2) ISSitt®

fiKKUfc$$©x/-\-yXE©isBEil«®tt, xAy?mtnzimw£ft-f< tga,Mffim£*L

it. Ni«Mn25Ga2, X - X y I' XXI l ^ T,bKE L t% &, ~ t1:± 0 X IS Is] Hr

0®H-X Si* <h A 0 , 1073 K R±Ta*S,ISiS (Si&fB) ^6©@flrf-» 

AO, limi'IXtln] I: Lt (0 1.1.4 - 6). Ni;2Mn21Ga24 X—X! y I- A b (" X tit#1)

iessi*® (ffififfl) ^ 6 © miff t‘- x as 6 n t. st, Mno Ammamcn 
©r@ig.snt.

(4-3) EiS?M$n«ro'E>Kl#tt
XA"yXBl©7.)|/7>"tM' h$|gS$ttX/t-yXet©t8SDt#©(6Tr5<lg|6]*s-j|,ef1xto 

2ftli, XA"-y XEtofifiK^X/t-y ASAicSoTE'-fbU X/1 y XEf ©x -y X)!/# #EA 

X/'\'yX#t©i@mi:#©#mil:aELtt©t#x6n6. St, X-X-y h^tor-y rt 

^W*t'Jt*Lt±Sn. XXyXEtftox-yXX^WEfciltL, ^SiSftttfiK Ao t. X 

A°-yh$$.M66?U$tt, XA-y XE^tox-y X;i/^WE©ig;kt:#©_h# 

U. r rL |J -iUSttfc-fticf&TUt. StoffllfllttAOl/XtitofetotEtoVTtPtoSSVt [3]. 

-est, BKfli*ttSr$(ts-ii'?>s t ts o, xtyxE©^#ia*xw#r#5 ct Anto

to

XA-yXR$-k>tJ— • 7X7aLX-X)S®«EEtS*rtUTfiJfflt'5Els£>Ei:A5)bt 

— AlFOXtilS, ##&&A t©##M#'l4X#l@L t. St, S/-f >X>X—->3 >i£tc=fc

198



6IcJ^OESjsj;&8t&#mLfc„ cKELfcSsfflZ/l'y?EtiT-XiAy 

# (XXl/XLf) j; 0 t>;kSfc«Sj3«kU9M$$8c£WLfc. XA>y »E<0«5(HUT [68J)tit, .fcV

sefftibtXirEiSiS^frl: =k 0EETMDt. toll, %&##.

$6<$tt, E@as$, WfPbI© fffiil i L t> 12®"FL, 600 - 300©«t£io£ (Bl 1.1.4-7). # 

ttS$t)[H]tm:E@$ie$8SSy. 140- 80GP»<a|8h?3Eft:Lfc.

(4-5) )[2 -IX ndtij.E 41

Ni5„Mn25Ga25 X—X* y h & © T X /X y X ® * 50 W THS IS $ tl tz X ) X y X E * P'VA =S ® tfi b
1073 K Ti9R^E@a&i6U. ¥*tt©sm*#fc. CttfcSEWttcttlELfcE,

$fi-eeetfr^i%*vr*6iiiAVfc. mm •

SrEHLi, -ecolSSSH 1.1.4-8 12ST, Lfti:9, SfilTttlf LtifcX/Xy XEtt. JjuE • 

*#&*9igL&#e. 2*|6]©S«IB#S!).$&%igr%L i^BIgSEi, Sbt. X/XyX 

E©®«lHlfltxT>*j:y:®tt@«*ti:£'©tI«6g#14$FffiL. Efi*f4®®:iSE£ti©-i„ 

Si, JDE • (tiPicj:0 2 ifnWViBBttSSSxLiX/Xy XEI244LT. —EyBSTO* 5 T 

©«i«SEHllPESXt(cJ;i3. S5S®«^E6«EUfc„ 5T ®«libS'ST3t8-£t2li. IT 

esro#iiT'e)gttEEEiE.5,nfco

(4-6) 7X'?n.X-X®fXS

Ni52Mn24Ga24X-'7,'y |-X)i|UTX/vy X TEX 400 W C (1- |M 5 tl X X / \y X E X P VA i,( ft: /j - X

*ijsiLift, 1073 KT'i9*EE®asisufc„ rntcfsiESiii&iSu. E^xET±&M#L

xt„ •e©ps^Eii.i.4-9ics5f. cnn m
E), *X8B*«ktXStt*>S&6. ««f:=kDX/X'yXE/XiHi(fenT

©-5 (01.1.4-10 (a))„ X/x> XE(2WWi1l812)111 LiBBI"-5 i, X/Xy XEHWxElf- 

IfttEfbL, iEI2#©l2*«l2%M)4i%'i%#7)X00L-^ (01.1.4 - 10 (b)). Si,

mrn\zm^tftzm.%:wmmz®misii%z.ii-e#,

i

(5) Si®

*i(?ETtt, T - X 8)W?S §: ffl©TNi22o,vFeyMno.80Ga (y = 0*0.16) AA&, Si, PDS&& 

ffl©TNi2.,Mno.9Ga, Ni2.l8Mn0.82Ga^'ife6fkSL. 7-X(§##&PDS$4i Li X i 12 =kSESE 

©EfbSIlK, Sl@'l4/XyX-X (#'I4SS0 ®B$ttSti 6SJS Li„ Si, X/Xy X&12 

SLNi-Mn-GaAAX/XyXE&fSRL, 8X ®»%l$S$;58 Li t>® 122> ©T, ,IM, ISHfiit. 

ffiiEt2RlfSB@ii®l$Sl2©©T|li$L, «frttof#(4®(2© ©T Lff« Li„ 

Si, BiSiiM^EEEtcxiLTLlISLi, £ L12, X/XyXESftoLiZXSyiX-
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Viii) x/ty 7E©$1S(HUT[68])B, fiKE-felte 6 t/icEifflS^fftc J; 0 EflxT 5EJ$. *11®, 
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ix) ±9K<bEffla$8£ bfcx A‘v 7KB, inE • ^91Bj:02*|6]©S«BB®?i)$S%liL7i„
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]. 1. 5 iffXfXfSf©5ff5i;

7 3-x.-9 MWitk gij "tn ti-tr X 5 7 X X $, #/S$, rLT#'Jv-|ffl3

©CEtAbnS, iz X 5 7 X X STIi PZT ES-bX 5 7 X X/E 

(SMA) -5-UT/^U V—U V— (electro-active polymers ; I8&L 

TEAP) A#E%(z#^$7iX©6t©X&6. Xfab©EX®£ffi©?g3t,®-&©(z 

<t0, ESizXS 7XX-^SMA-->EAP ©llglz56i$^7fi%iii<hHx5„ L/!r> L SMA ©4»T' 

ESlSfSiy SMA (ferromagnetic SMA ; BSLTFSMA) tt EAP tls]C< 
li-^WSiL T©-E3£AAi6 lot (fAo DTfcS.

1 10 100 
Strain, %

Polymer gel

SMAs

Piezo ceramics

Strain, %

m. Eg7XEzL%-x##©E#©w^im%^0

0 1 lz±E3@S©7 37^^x-XfMi4©#5R©%jS-r^S9T%^|6]^5cEP'ezK 

LT&6. X n iz E nPfESE X 5 7 X X ti © #> EE t Ad £ fti tir ^X?EHT

SO. XXXFX±#liM### (PGM) {IXZEtl Xtl£ii6KL'X©$>5„

E®X k°-F©4>X=iI©»i®J5&tt© SMA tiff L©BIM!®f&'ti SMA (FSMA) ©fSfflt
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£9-£©Xfcf-K£ ms E6 0. Is Mmz.li'Cim.t’CgZM.'MLfimeWz. FSMA © 
tf,T#t)J:<ef%SnTtr>5 NiMnGa (*•£©*>-5 S (brittleness) ©7A, 
lit AXL^lfixbfttivrEIts67/ T © -X T U B 1£ i HE S'iiib-j

7-»h>*#Tt49lj8, ESrSX L ?7 7 7 S 7:EA T 

Fe-Pd aW FSMA c ©TrotiJjiiX
fcHffmTt < . 3 *jcS«(7)ftsi$/brnj|gr$.5„

7 7 Ex x— 7ti'#©EXIiSX©UX">/3£te7)XI 6ft, SEE^ElEatiWEE 
SE7 5 7XlctbKLT7E SESE, for infrastructure bE>E7 M;t 
S£ EAP ©WTEE 7 7> h 7 3 gFeWclX 2, 3 to EAP 7 7 faI-7 £-
ESEI+LT, ff*Sffl7S-f#-5^7|6]$rMVEd'Lfc- 0.EE 3 ©©77ExX—7##

1. 1. 5. 1 FGM-bimorph Eft77E:iX—7
mimtTfrCDfflfS&f&l ■ S 2 BSXfiXb 7©Iil6E7')l/&ffiffl LTgilti 
FGM-bimorph ©5 7 Df#B£9i)EU/,xSg3EgXti7lEX7 7ExX—7£fML1
mm#Eamtm^©im#6E#u, 021:37®

ES7 7ExX—7©lxlt;§:BT, @2 (a) E bimorph, (b) one-sided FGM ( giJX 
rainbow type i: fcHflftl-5) f UT (c) FGM bimorph 7$5„

(a) bimorph (b) one-sided (c) FGM bimorph
0 2. E«77Ex-7

NEDO iffTEXli (c) © FGM bimorph EiLSSrlx O, ##©E Ale bimorph t rainbow 
©i!77 7°t)^ELdc„ $f\ amE7')l/&mmL7#m7-7E3©7B^6.

flfSEE)!/

2 ©©mmtf )l/7##L7d. EfeAt.7x'>*)HiHFIE7')l/ (classical 
lamination model ; CLT) <hijiiM't!mte$c3'< 2 ^tcIEXE'E (2D elasticity model) 
7$)X„
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(cm
IH 3 I: FGM , EOifflnZlftJic x,y #i$r i: 0,

/t^HJ-y*I+STtiFGM © ilolbttH (##$c, 

$<;,) tin 3 tcS-r=k 5 G:EffZc^L75 UTItff U/z,,

Z

4 FGM

nth

;th

►

3. FGM 75t'-FST'S/gL/teSLto#tttoM±©5j-ffi

i SB©S©EeZ5itt^g5$B
<7 = c • S - e • E

C CTHcr,S,£tt^tl-?tlFS*. tKf>,

cr=i

(Jx 'Sx'
CT 5Vy y

sz1 >,S=< „ >
<71IT Syz yz
<7_ sr*z -tz
<7 5l , *yJ

,£ =

Cj, C12 C13

C]2 Ql Cl 3 0

c = [c]
C C Cv13 v13 v33

0

c44
c44

c66

(1)

(2)

(3)

1^Q6=-(C,,-C,2)T&5.
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MifrimZ: xjjfii yjj\a\ z ~J}\aS u, v, w t btlS tt5

»(-'.>)= k„(-v,v) + zg(x,y)

XXXX+zX.y)
w(x,y)= wjx.y)

CiiKcfcO Wk(K ,K 6 ti5 o

(5)

Sx=S° + zkx 

sy=s; + zky 

2Sv = 2S%+z2kxy

(6)

r ty,±=k oHrtfltofcjfrgsStt^jCT'4-
A. ‘btl'bo

<?x 'C„ C,2 o __
1

"0 0 X X

°".v Cl2 C„ 0 < 5Z — AT > _ 0 0 e3\ < V
0 0 C«. . X . 0 0 0 lx

MfHtl(Nx,Ny,Nj 4@!46tf’^E—4 > h(M„Mv,M„)H4:a:T/EKSn-5>

'Z^Z

N,
{N}=- Ny -it-

X
Z = 1

X 1 °x
{M} = My kt.

ay
.X

z=l
9 J a*y

{y°} = . |*r W -u>r W} w

= [W'tfi]- [Bf[D]]' pTW-[BTl mE] {E}

(7)

(8a)

(8b)

;re a, a / # g ©a ©s Jf t $> %=
(l)i4 (2)i$$(8)S:a-f4X"t-5<h, E<hLT©SB)6SA4Xit©J:5

W = [A]{s° }+ [B]{*} - [Aff 0 - [N]E {£} (9a)
{M} = [B]{s‘,}+[D]{fc}-[Mfy-[M]£{£} (9a)

#oT, (9)^&©4'f^:©4''f4-{r}4@${t)44(©'5 4,

(10)

(11)
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2 Ik'TrM^'T) 1/ (2D elasticity model)

N Jgco PZT x 0
JI/T21, Srtiy^‘rp](25FMt>T^;SrSAEL/T43 0 > £y=£xy=£yz=0 hiBL/xLbV^<50 7 x 7'— 

h tkCO $) & o PZT
£ij ~ Sijkl<Jkl + dm, Em

Gij - Eijkt£jj emijEm
(12)

ccT\ c\T^7>v;k

3 77°7<7>7(hm#0777;i/,

C
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5 X «, 3 0 “ b " 0 0 d^i X

«, 3 ^33 0 ' <*z > + 0 0 d33 < V
2^. 0 0 *55 _ GXZ ,

_
___

1

0 0 LXj
(13)

^.^3 #3 >7°7< 7>7^5 6^16

R;

d.
(14)

(14)^7 7> SH, dtj\XSijkl, dmij (7)EEliSSS/J^T$)^)o 7 x

ax(x = 0 ,z)=crx(x = l,z)= 0 

w(x = 0, z) = w(x = /, z) = 0

mm w ^z7 x 0

(7,
( h)
x,— = cr.

r
JC, —2j 2)

<T, X*—- cr

0

2’2)=°
(16)
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,f /i," ' ht)
cr I X, = cr'+-i 2 / ’ 2 J

h, ) l+1
cr^ x,— = cr X,—

2 ' l 2 J

y M r M
(i = 7,2, ....N-7) (17)

w.

x>-
V ^ V

*’2

= u 1+1

= w1+1

VX’2V

( h,)
*'2

±stt i &B(Dmt(i+i) § g ® b ® if @ i- & t j- s rs * <higmcommt
£SLfefe©T'SS„ Ttib-B. i = l~N-l Ui, hi i S g CDF§
(o x ^{aKOMiM^ktSIW^SiLx^^o 

7S.*— hs©s@^i6) s s
00 X

£;=£„ 2 —sin(Ax)
n=l,3,5,.

Zy -U
n;r (18)

/WZ -sin

rut

)
nn

v 4
sin

n;r 
x 4

cos

— x
V l J

n K7T \ l

fi(z) li*an$ScT$>-$)^ri^v^|i5$^6
/,(z) = £X/ exp(m„z,)+ ^ E°

(19)

nn

2 m
7=1

(20)
33

(Dck Cl C (20)^:^(7) A, 0 , m., 6^16

Vm2i )

(m}i\ 

Vm4 ,J

= ±A

= +A

«i+biu
l. 7

a, -b,
1

^2
(21)

V c. v
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(22)

ti, — /?55 + 2/?!3

6, =[a,2-4fi'R'3]2

c, = 2R,',

, i # g © @ |*J ©15 * SS *16 „

n=1,3,.. j=1 

4

CT-= E EA;.myf exp(my,z,Psin(A>:)

cr;=E - ^;z exp(my.. z. )/l2 — sin (/be) - E° — sin (/be)

4 
n

7=1

oo 4
o"L = EE exp(m,,z,)4-cos(/to)

n y=l

R'3 tt

(ST©

(23)

W;
oo 4 .
EEA,,exp(;m,iZi Rumji 33

n 7=1 m
—sin(4x)
71

(24)

(15)S^‘3(17)S;-e^dil5^S-^{42©t'y<T:£iil|£t-5-i;>
S^'ft-So

Rainbow $(FF#7—*9

Rainbow SM© PGM 7 S 4'- h WtB 4 tyi\T. 6 n #

7b 666 7 S HR©M?L$G^a:'r^g44&.

f f. 1 (K)
l PJ A, (25)

6 ©TP,- 43 J; £7' P„ i SB jz-hierolSSvfL^^^ VT43 0 , hi (45-54-

— hT£as®7b 6 i#g©8$'C’©lP$:§:7KLTVy6o ^-@©1#$^#6 m=l

t7s:6o(25)ST^$ti6 fgm ©M?L$(:MT6fg#Mij$EkB© clt fclgfflf 61,
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TtfLftfc©Xr$)5o tcJ®fiuU, i,5sec#l:g±@

5 f-- h«^»K9J8D«E»i@< STW«F|0llcMtt:
UTV>£. E©#, PZT ©A;i/X#'ltl:j: o (cfaTEs, B#©##!!(25)

clt i:@m vr#Bih.fc ioov ©eiremic*ti" 5stsfiT$,5/a 
<-SlyTI/>5Ct^W5I tltl*©g*flttfid l2mm©55E- MSS fc£l«tc43 

146 6.5pm ©gE@l:#lgLT©6.

Number of Elastic and piezoelectric
the layer constants

4. FGM E<-fc 7 Zy XX
7X^3-X.—XCDmi&
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FGM distribution exponenet, m

m5. fgm yyy~3-^-^y (nc? 12mm,

rfa 3mm, 1mm) CD m {dlZM

6. m=1.92 FGM 7. 100V (0##(DTT(0 FGM
yyyzLX—y (m=i.92)

FGM-Bimorph Fk# 7 y 7 a. X- 9

##(O#@C0fT, (a) ## Bimorph, (c)
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XLTV>£ FGM-Bimorph H69ES7Lfc.

(a), (btBXftXElBXo mb 2-3ffltffll;MlT, 8 ?F K#X5 fli tf $fff

S'lL /to Bl 9 \zm?k—V,

10 £**•. a 10 chclt

PP SP 8 ?F ® M 1£ ti 11 ¥ bimorph S X tt B BIS ® X & X /)i\ 

FGM-bimorph itlilPii LB o T®X„ Sfe. 7">> h XA^CDtlS L X ® X 

FGM-bimorph 1SE87 AX^X-^titllp bimorph H Bit IS LX, |h] LPPSP8#©T 

7 20%W±±g-B@B'MM&xL, V^fcl*lSISS*B$IlEEx;k7) 60%y,TBtox 6 

tlX®X„ ASBiEiS^TmLlASS AXl# 6tlA L LX,
^'S8#snx„
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Platinum plate 

Layer] 100%PZT2

Laverl 100%PZT1 

Laver2 85%PZT1 and 15%PZT] 
Laver3 100%PZT]

Platinum olate 
LaverS 100%PZT]

Laver] 85%PZT1 and 15%PZT2 

Laver] 85%PZT1 and 15%PZT]

bimorph (b)FGM-bimorph

B 9 . PZT
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1. 1.5.2 (SMA)

4Ml$z:rSc¥,TiNi 77 h ii6tit4© 11% £6 o r S

766G32l:mia7©iiit#l5*7#6. <b © -dfctlSWIttt|6]±SEo fzb

©7&5. L6U ESJ6S2© SMA ^fflV^c7791a.X-5't4EES^fflV^fc^!c 

17#6SI:Pg#A%0, JiiiTfc Isec 66 lOsec £©o/t6-y-©Btl6'i£gT 

$>5„ 7 77^X-7©a6671:43©T. <fc 0 S5 ©* iTTtftMitHofctiiTGg 
ffitt'6 D 76 <, ii©{7ibjSS^S5Rdtl5o rSlS^iiS, ^*©13411 *6 6EM 

1S67S SMA (FSMA) 6ii L5 <b a x. 3„

FSMA ©-7TS.5 NiMnGa ©ffiSUtt Webster 67 9 1984 ¥tctei6TlBSStlfc0 
7©#, NiMnGa 643©TffiI67 0 > 669 7#66f»6#g@ 65 7 66#S& 

nttfco cn6ti7Jl/7>t)-i' hSliBS0,T©?Ult, -7666 100% x71/7>-tM 

hffl©«*i"t?ES£ ® 60 U 6 =6 © T\ 7Jl/7>-y-7 h 6 U 7 > h6BS67 9SSE7J 
L6#S$7LT6S66T76tti$jlL6:fc©T$>5„ 7©## 6 719 7> hSSETU 

ttfiJ i#ftt'tlT©5o 7 ©##76, 6#66f»6#665$)©©, S6tiStMPa 

A:V^fclS©7^;i/7SD> 767-©ff#ffl?aS«-)t£6SS7 9 fc66 916©:fa©7 
&5. 76, 6S66T>$S56#>66Jt$iro3£©jll§©EMD6'<i6g7$l 9, g± 
TlS©^#atIE£tf5 7 7665. 3i$667>:3>/\07 P6777ziX— 

B7l7SbS-tt56<96ti FMSA ©ffl^ilS^Jffl L630©##6t&g7 6 o 7 < 5.

StressStress
maiiensite
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Temperature (T)

Magnetic FieldMagnetic Field

(a) ;1'J7> F#E?lJ#t# (b) /W 7U y Ml##
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te) (b)0'&&mmm

Sifi, S7 6 FSMA £mi6fr66777il-->3 >##£jfsgL60 ^tllii 

IIMtcE^-SIgSSfiJfflUfc r/\77'U y M##j 7»¥6'n7©5 t>©7\ 

S6©i#m66m#7#5. Bt|©bMn67 9, 777ziX-7##l66tU66#

MB6 6711/7>+K b#^©%^#^#g75%©7& 
0, ^s!675BiH4f5~F (0 12#,#) 77 9 6tt6S{iffi667Itg765o r/7J 7 
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TcMtLT/Ttt. ^11(a)Atflf|W, (b), (c)011(c) 
H(b) £ $ 5> tU!$"TbJJllr L tzig A tofl£ ,k0 T, 041© 2 »©iMit©Fl>,

>-9-1' II ll (c) \ f >
U v FflfgA&ASffi/JPE® (%-:,) ti@ ll (a) OkT/IU 7> hf9E^«$ti5T>0j 
illEJi H0 tifcKbTT-o £/h£i>fcffl'C'&-5„

□

□

Temperature (C)

12. Fe-Pd AAI:^(96-V>>"$to^g&#%

0 13. !%#(:# 5 0 14. Fe-30at%Pd AAtoBBdi/JKE
(a) Fe-Pd AA$ (b) Fe-Pt AA^ '

±KiLAc NiMnGa % FSMA 0,

tide DMtttoKto Fe-Pd 65 to ti Fe-Pt AA 
Fe-Pd 936A: Fe-Pt AAz^toffl^llAti A5l§B1,ff#i£0 

13(a), (b) iC^-n€'n7Ft"= Fe-Pd £C:j3toTti, fee fr5 fet t).
XAAA F c $61:%#, a 16 b liii{*3IT5„ —;5\ Fe-Pt 

mglCctO fcctilijffl^b bet SXiPiAAlilCiJtoT, JfM
EHtSSbS, fi5»ttS»CDW#6E«C«BVTUi.„ 0 14 (i Fe-Pd AA*i:AA5fi
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% KMT 6 0 mb & /B L 7c t(Ms, Mf, As,
Af) t#LTU%. 0 15 tt Fe-Pd #$S5A#:©fc*g|ES:!lSSEgLfcSS'¥S-C$, 
5, —55, ElSto^-SrFfliJDLfciinttEI 16 IaETJ; t> tc-S® Vll/^->"S"A- h7U

- h»iim6T5i8£SB£*BU;fc.

}]

(a)

OMPa
0.25mm

(c)

120MP . OMPa

15. Fe-Pd-a-Sfet’*tt-5l$*Sf$fi"^V7->tH

0 17. Fe-Pd o'#., NiMnGa
Fe-Pd $ FSMA NiMnGa-aIfeJ: 0 fcESEBT bTFItlT®^ C
<k£^E't-5fc65lXiSE±!£]|E®Tic Fe-Pd oA6 NiMnGa ^(DiltiSjtSrHS-, 
^©PlftSJtRUfc. 0 17 (a) LT
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ESt®r=gici
Z0 17 (b),

tu ccd■ ttvtvit. zom®
(c) 7, Fe-Pd 'a'® ©A 77 NiMnGa u® J±I£U T « 5 t7 lz k '■ ts. Vk‘k

$ tiT

**&■
StHEtfttMfe Ni-Ti HSSjfc'efc 9, io®|©MtXf

SSiSS^iSV^ LAU k(D79k^Ji-9 tLTtDWB. - 7£m\V)(nkt-£t<tm 

&rk^<~ mjS&teinwmz&Z'i:?«a»57?fax-5'«

siffl±, (sa- o-r^isa®) cogmmmt
±.8SZd:l$!!T$> 0, #{SiluKSjiZj: h I/—i^vZ&ifEL, 7Wai-v a >©:&;

TttNi-Ti D ri

©^jlbSStticMbT^WSrfrofc. litSM-ti Af iSSItl llO'CrojfSPTflSIiWr 

(W-B 8mm, |*|8 6mm) ?&%. HbFZii/ulIrSWSrfToTyi, ##
SbnStc^r) 16073;TmEU tiDOSlSSBlgStiSilitZE-tMFZSiiiEl.

#^-L. W\%BMi/xiH: © Slttt ±:H Mt7 M L T FFti L 0 18
£71© 0 19 7#@m ^ & ©## I:# L 7 100 @£7ffl^?U7E-tM FZFtt-FL

iELZi' ^-HZlJWcWlZitlTk^ZU Siifct, 0%aZ7

IZS® £>"f At"-5o k<7/i$:b%% mUZ-fAtSAS < t7 9, ISA- n
T^iaStiSSLtiVx Cobfckk- ZfAI##%$%g#67c©(: b lx-©7Z

Z ?< t) ■ 4> % -mm## x;ngu
IgAZS Hx-®>Z (RT, feV)V9VV-=-yytn-&> </ZT01x^,s;:-Z., cshear strain, y, %

Hi//? hv-rz/AZht, hommmitmikimr
©BAiimSAAO 20m©-Z£S*£ttALZf Sjm±$7©M*ZMs SSBVF 
£7©itW 10 ElliiiU From. 90 @©EtH AZSttA
Zat©7&6. 0 20 CShJZ bl'-=.>'ft¥<DH/vMZyffr<D£ik$:f&*M 2

11ASA©T7©I8EL$SI::7 9 ASAtTZKAZ AFAZ 

■5Z\ l o 0 © HE L ^117zz>© ill Mi e (76Sf n u 7 © z c A TZb t7 -5 „ — A, Ft

w&omy-'f z)uz&^r\t> tmkmikfawkm^mz’kk-t, cntis hpa

EEL^tem^ASAfcjaPmA^KAMSIiJSAAigHlZcAtoA^xZAZ,,

ZZZfliHH#/?ZAS < Ao7©<z\ 100 0©EA
mi Wn-fk^Wtik^o 0 21 li% HPA b ©-%AZ^MLAM 

mti\zttLx'ft-o(##z;t#zimE0mz7t@) 7#6nA 

SA- t>TASI©^ft;7$>7„ SH1//7 hV-^AZSrSLAiiAtoSA- AZAM
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#a, iOb 18 LT, © $ it 'P U < #Stc$)669T<6-5
LrfoU 3.5^6 4XS-oZtZ>-f»lgi|iti^h;i/

87 h 1/——>87*(’j:o 2%@.Sic$i:S,>LTj3 0,787^nX-y3

<Dtzmz!gmtfm&\ZlZ-otzMt-i3.-DX^Z>' aeHI/7 hl/-x>7/$jgufcil-fr©

@ 20 h VT*
0. * hU—X>71i^t>"f>Ei|ilCD|*l, 6^ D L

TS 8e lb S ti" 5 %%. £7-x. 5 J; 5 T Sb 5 „

18.

As annealed (475°C X5min)

0 19.

S*- 8>T>

iso torque (f^l.2nnax in SME cycle)

no-torque

10 20 30 40 50 60 70 80 90 100
Number of heat cycles, n

0 20. SH1/7M/—x>ytcj3tt-5 
S-!M 7Jb##0Sa2#1"5 

#/ul*IAf©.©%lb

180 
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« 140&
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I 80
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^ 40 

20 
0
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Shear strain, y, %

El 21.

MEltd:D#6tl/tj6A- t>T> 

M®©SSLSS'I4

ESlSlbSSMAKxV^Ttt. ^©tSA- SS- Ei§© 3 A7E^®ffi0£8lll£.fl*
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tcsd<mfm%M7{?7z.x.
7 M tt & ffl tvT ®r & 7 t? •? O. x ■- 7 * is It13 IS (: tt, lx It # I: * L T jS @ & Ex

It tit fit $ •%■ A -5 fc ©T & 5«
-#. ESJSS SNA tcMVTtt, £ bfeiSjSfc h \s-=-y hj^lj

tlcom^-lzMLXm-'i^'fiOo C0f-?%±B3&7c&#im<!:#/uT, 797=l 

x-7 lx It c * tvr 1: s? ti 7 - 7 x-x t & -51 > ©T & -5 „
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1. 1.5. 3 U V— (electroactive polymers, W81-TEAP)

EAP y<—(C7KL-fc=fc5lC/J\SViffliuSE (1- 2V gS)

7 7 7 3-'%-—7T7T47 ©7--£>. 7 77 b NEDO St 7 ax—77)4:4©—
o<Dffi$fctm tLT, »<, iiS 3 ff-|B] Kg 0 W^EMfS74t

oT^6. C T6*© EAP@f^©*lg:7
£ 7 © 57 17 F© J: -5 1:6 7>.

(1) EAP ©7 ©Hydrogel 7?f j.x-^HMSSt, f©44 7©)!/©©#%): 
*0SL 6©7>©#§^

(2) Nation 7—X©©4 7 D777aX— 7©Ixtf 78!iJl7°o-l:7©ttf4
(3) ©©titi© EAP 777;i:r —7ti44©M4 

c©©©mTt:^©i6g7mi# 1:^077%.

EAP 7773.X-7©©73I4j|jg
147© 2 ©©hydrogel 7 7©cLX-7##l:Ml/©,©7')E©#gg7fx-3 6. 

(I) 133'147)1/ (amphoteric gel) ©4©©77©7)1/, (II) Nation 7)1/7 7 7 nX 
-7©4 4>5)-tt- E#©7')l/7f ©@14^)7©7)1/ 

m47)H4SEl3lcih<4 7> (mobile ion) 7ii5(4©©iif:{)##4n©S)jPt6©4 
4> (immobile ion) VX/17 >7 LT, ©70 $#14### 1:6 6
<3:7t:lxltL6t)©7S50 0 22(a) 1:4; "7771:, e^-$:Silffl"75 7#©|6]t:t*S! 
©67)E©&&. c©7')l/(:im - #@#7%0#(4©, W# IV @jS©@17TWj 
< 7 7i:EI+L6o aitT)H:Hl/tiJ@ 22(b) 1:777. 7C©07©##f7©& 
-5. Boltzman-Roisson 77©Wi<74 7>#4n S4H6/7, 3%,##©
4"7l7ffi|S]6()t:—KtL© (Tamagawa and Taya, 2000).

HI E v rv
(a) ##EM0)7l77##7|n] (b)777x_X—7a ©©##©7)1/

0 22. |#'I47)1/
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Nnf inn
Nafion ttlS|{*S9FS'E 7 LT W% 7 tlfz L <DT'$> 5 77 7 tt (TES Sr HX 0 # ti7>7

t>-xxotim# waiTft ima %±i; 5 7^ ^ x - ? *m 7 & s,, « 7 © a tfs
l/^^-etrMbVfc. Nation ««#?*!£ UT NaS03$H£ffl L 

T 0 7> © T Na^ tiXtiiSSxSlfjti5„ Ltib, S0;rXti>ttxhX7titiDXtiL 
>©Etc#»VT«ittti:n. NaV ti > »cv > <o*'##VT#@rti&fc
0, *^i=-»t«0r69lcl8i#«ltcfioT. Nafion 7XticiX-tiK7LTtilsSMW-xfi
©SUf^ff^tibS, z.n\z^r>7k^ti©#Brf#@titib7Ktiti0M#7itib, grfi 

(NaXtiX##bX0tif7 ##%titi#%#l7giim
t5o SfroT, zKtitiSrffofc Na'X *>/51PSSfl|Jz\i6S' (771$: forward motion 7 

I# tL7Ktiti0l###!x0#g] (771$: backward motion 78-771) 7% 7 
0o 7c© 2 X© X * XX’7tiiSELT$g#5„ b 7c ©770 23(a), (b) T&6. 
0 23(a), (b) KfflM5ti5Aiiti;ti:Xti;x13cS;h.S<,

forward motion: eE = rjlvl + kT
ainC

dx
+ nkT

dlnw
dx

backward motion: %V7 = kT
dlnw

dx

(26)

(27)

7 7T£ttSHne^-, € ti#@tixtititi—, 77, tijiffi v, XIK 7k$77-$tibo7c Na* 
XtiXtifttiSIf 0©7kt8-ti©ffin/J. m tig ti7kttiti7tiS«fPJ]^iSf$ v: x®K 7 

S0/fH0ffifn*- k tidaJbtivX^ic, mifeMfUS, c ti NaM ti>Si5, wtiuk 

(XXXX-7gtk©M#) ©iS$, % ti Nafion K©K@A0©I$##T&6.
ti) 7^1 (r) ©Mm7bX7k^ti©# 

$ (w) $:#<. 77l$r$Etif#67lTV^ Nafion titozk-aWl^xX □t>ti>©HB 
#X)tif7Ati%7, Nafion K©to#A0©7>"f A^liisM 7ti#6n, ftilti^JTXlSrA 
®S7 7^T#5„ 0#©f xbktiEti Nemat-Nasser 7 Li (2000) (7dc D . ti7c 
Tadokoro 6 (2000) tiJ: t3lSA67lT.05>7L ##©txtiti Nafion K©Ati^B© 
#0###&##b2c#l%Axtiti&57:©, *!%##©##(: tiigfgtitiTtiX - 
A, Tadokoro 6©Axtiti#X©tx)l/timfktbT6^&ti©©, zkAtiTb'g ti Ati7 
XXXti- (NaXtixti##b7:) zktiti© 2 8SI& A ti t> 6 ti, 7ti5tiE
g'JLTtiTtiticiti #S##@)gtiXti%.
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o o

wv - total water concentration at x 

wr water attached to Na+

W2- free water

W3- water attached to SO3" (not moving)

forward motion backward motion

(a) forward motion (b) backward motion 
El 23. Nation

Nation fgff
Nation <-77^7o.%-7^Pt H&mB

#^HPt(D±l:Cu^3-7^>^LT, Nation 7^7
E124 (m#

Pt-Cu Nation
C C(D Pt-Cu 0 ##/: Nation

71:, BI25(a)l:7(D^%^^To (Bl

25(a)) (F) C 25 (b)j; 0 7)^6.
C(D loop ^Nation 777^.%-71i7< 7 n777^.%-7(D#7(hLTM#$a
T^5o

Pt-Cu

electrode

Pt electrode 

with Lithium ion

la24. Nafion 7

— 224 —



§
Ph

<u
0

Ph

0.5 V

Displacement d (mm)

(a) «#© on/off TfflTXErLX-va > (b) ##. • SMitiiA
0 25. Nafion^l/SrfflV^c loop

_k|B© Nafion .5

Nation ^©/REWi^ESXtTftSD, 
ihT5„ Sot, ^©ffl^Ett Nafion 7XEiX-X©E[c#SiJftx-Ea’>X’£ 
$6U 7K-^m*62:©#m&m±T3^B^&a. $Rx Nation SfflJtSttifiRf^® 
CiD r2%©tot>"f>£§tj--5>^\ X ©6ff t>-f>©TT'Smti2: £ E C & © E 5 & 

3--5V X5V^/t^#&-/iST53-Ea' >X*«t$IjES
SSLft©;t$X X© NEDO 6f^Ti;i^E2¥FfltcX©*$S$:fF§L, ^xzK-^E 
*©#»)£HEX'#-5E-5%#gU6n-T-a- >XlS©H56CS^t"5„
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l. 2 itfiSttift

Sit 110 K<t* Soft# 12Hi- & 4 i wmntt
K6*mi:Nf6#%TU. Stra66-&<0SES$**6X XHHMti 2 »JBl±K|6j±5*6

tztb 12, «iK "EBS® / X)HyXSitil@ii'' tot x'o 7 x & t L 7,

«$SSIkEffi*&CH6tttt<t5ritAZre 47', Ti50-Ni50-X-Cu(X=0 -20at %)-S"&0 7 - X )S

mmuami, soft, zlsis, wtKiwtofclfc.

®«Id1S:#tt (S'-BflS'-OTSMtt) Mot *,, DSC t:J:XESS$, $»«$** J:

[fSf *0%#o Cu Cu=8~ 15at% 12* § t $S <2 ¥ V >ESttO 7 X 7 2L

x- C t Lfco Cu58at%-etiU iiEO'SfSIttXSfllj:, ffitff * ¥(2 l 0 S

miLiti&X LT77fiX-?|#i L7I S^EW-^RffciBflfcWIP

1:4 i)EELS„ tS, ftfi(2*or, Sit«l2@0fHttMft?-it, ISBBBSffiS»xX 2, ft

2fsi2gfgei2i$t£me® 2 ebe-see's ts-amLr*rv>*0 «tE-ft

e*t#&R u -N bS*»ff##c0fI&StitI8'tt> 2 2 t> (2, 600 ~ 1OOOE # ffi 12 b 7: £EE 

StfflitSffttv 7 7iMt 4 2 Hst¥, fltRu~Tal,Clil 0 0 0E7@E6& 

*-eoE9iitts#$®<-dset-r-etiBL-cfco, s®oggiis o%w±j*«T§7_-„

4 72, Ti(50at%)-Ni(50%at%)SBiKSfi"t fSiS L Bffl • itWffSfiiiXSDiffi(2 X 0, tttitftil 

Rxxro iopm 4s* < SXSifittSjogjitoitx e 1, to toSfi-• #iS -> x 7 a -^o

mmam#sne<o##<osytes#tt*at«i#titMautgigww^o
tt§OA-set 77 S 72 o

L-cHtarwc wma-cat.
(1) laJllifitl]§P(2 4 6 #i

• 7 / bv xteSSIS (pds) &124 0 /7i/X#tf$#L7o

• -fe>¥ • 7 X 7 ^ X - x fflffERE'KSE 2 L7iifB7X> E 12:2-$ 2 t £ Eft - t>-f X Mg,

t"o««s#tt5-iis l72o -x 77 >s t h

eii72o

• BtiE7O0"fAiM£l2 4 0 wT*lft t E7B2E7E C6 2 2 L ¥.

(2) *®l 12 431■>70$8a®:KE'14M-o%$!

• Xb-y XBEOtinB • it4P12 4 £ 2 S|6]<7)®:KSe'Ea$S'f$E. L72„

• X / by X JjgOBtS 12 4 X,®:RE-ia$ tMl L tz0
■ x;< 7 x BgosiRBfiy-rxs 4 mzimmti % ixmmmwm % it« l , oea

ft*I4¥72o

— 226



(3) 6SJ» T -e <r> mmmuk <orni

■ m*mm*fowtumiL&zti-.xz,mtimanwfkuov>re#l, e®j»ti:at+$

®ttEfl:%i$ro%$jiCi6TH41: o v»T L tz □

(4) -b ■ T 4 4 ax- 4 titttwiffi

• mamma t vznufemt* wmmm z t-oA#;###

ttSritet/io
• X/t y 4KHov'T-t>4-mix-?traffitap®rl:*gi: 4-4

ea-y-f*i«, t»fs«»#es-)M5Euft„

• X/Ay 4HI4 74ftx.x.-4 S LtfflfA*-f Xf£tt'^Z>nTit6tt4f£W L, litft L/x0

1.3 IS IS

s?sg0 ws mttmsKBtt-s-mioftKtc m+3#%az t #m<D#

# iffffiCM-f »eic "«###/X*kx#»*B&"
Dtx*em#LT. dsc cz&mmam *«js

J$ifBft 4 O'tff^lilf) Cu if** f$ff tt 4 IK, T150-Ni50-(8 ~-15at%)-Cu EA1:* §

t SKCSttwr 4 ^zljz-m&rfbz, z s Srlett LEo cua8at%-ei±, aSdiSSSniti"

#11, @#4;S't:l Ltr?fxx-J>f#s L Tlltt ft 4K>-oft 4(7)4,

Sitaiffl■si)i'fkttii»ijftpci ii s®i/l-o *ft, taciot, stfrEKSimromsubs-e, 
isssMis-iix.y s, ft 2 et: its a cat z>mw.mztm%#'rtf'ptf: <tezzt 4&m t
r *r v) 4 0 , an® 4 m t s a ft^jt r u - n b a&ommmmm**#-*- sttsi:,

600-1000# it® t: ft ft ft $® SSCiaiSffiffttv -y -fZftf&iHftfcR u -T a

m-euti o o oce#AtDscttf-emeL-ca*>, a ft « its
l±8 0 %jy.Jxiifi£-e S ft„ $ft, Ti(50at%)-Ni(50%at%)«ia*S4®$ LM •

jDliil:! t), it#®# 4^ 71/(7) 10pm t TS < ft ft SilKEtO Bj£4ol|ftfti: ftK § , ft

8mw • ■> x t- a -xwaiH ? ft ^ o a ti 4 tm%L

ftft 15ft i> X 4 4 n ##«# $C»|y-Z t &ft. * ft, &## SMA # 
«3X Miaoi'Tli, SitilBS;ft vK ttftepws-eCOSES’$Biaib4, R5HISTT

i ftS0Z##ftftft(7)-C, ftE, K-lSIiroeaikeiJ# 4 7"n X 7 A it, @fi©J@HtK-ftft Z 
sell), $ft, ,t.(ftSMA<7)ftMffi'f 54»<ftP>f1ffiftftZ ifft, nx hroftS-EiftoJSg-m
4v't#X--S o

16faRiaita*4milsftfto ?*tt:av*rit#-em*<o«xo-fAm (un
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iii) M 13 4^ :
iv)

— Summary —
The “R&D for Smart Materials and Structures System” project has proceeded 

since late 1998. At first it consisted of four sub-themes, which were l) Health 
Monitoring, 2) Active Adaptive Structures, 3) Smart Manufacturing and 4) 
Actuator Materials and Devices. In early 2000 the Concept Demonstrator Program 
was added to the project. It is aimed at evaluating what extent each research and 
development items of sub-themes will attain their targets and establishing common 
basic technologies for a future “Smart Structures System”. The Concept 
Demonstrator Program is focused on a aircraft fuselage of the composite structure 
and designed to integrate research and development results into it.
Over 25 research and development items have proceeded in the project since late 

1998. It is too many to include these all items in the Concept Demonstrator, and, as 
such, we decided to select several ones among over 25 themes in accordance with 
the followings criteria, namely,

i ) Is it advanced in technology ?
ii) Do users need it for future fuselage structures ?
iii) Is it possible to show results of the research and development on the 

demonstrator ?
iv) Is it appropriate to the research and development schedule of the project ?

Finally we selected the followings seven themes.
(DOptical Fiber Sensors Embedded into CFRP Laminated Structures 
©Integrated AE(Acoustic Emission) Sensor Network Systems 
©Strain Distribution Measurement in Wide Area Using Distributed BOTDR 

Sensors
©Damage Detection Sensors Using Conductivity of Carbon Fiber(Smart Patch) 
©Damage Suppression System Using Embedded SMA(Shape Memory Alloy) 

Foils
©Smart Manufacturing on Low Cost Integrated Panel by RTM(Resin Transfer 

Molding)
©Noise and Vibration Reduction Technology in Internal Cabin 
Structures of the demonstrator are mainly composite materials. The diameter 

of the demonstrator is about 1.5m (approximately 1/3-scaled size of a small class 
jetliner) and the length about 3m, in order to simulate primary structural 
parameters and reduce development cost and schedule. Two demonstrators are 
going to be produced due to limitation of scaled rules and the development schedule. 
The one is aimed at Damage Detection and Suppression which demonstrate the 
above items l) through 6) and the other one Noise and Vibration Control. The 
former demonstrator will be loaded by the external bending moment and the
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internal air pressure. The latter will be tested in the anechoic room and/or
reverberation room.

We finished preliminary design at the end of March 2001 and the Demonstration 
Test will start on April 2002, after producing parts of demonstrators and 
assembling them.
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ft 77 6 7-7##
M # # ia : 141kg

(psa. assm, $ss*^tf*s.e: 1320kg)
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iv) X£it

§'i i'X Ml .[u Q) X> .in ii< X. X11, XI 1.1.2 — 8 i 2 >K X :'K \ll, T jMj M -X X :X V X — Z. ZZ Xl T :TZ Zl 
X T X — X X V X * # iB, Ml id It /X’ t£ l- 1 X X X *T£ -& / 3 \y X $1 i^r, B /B B 23 X X Ml file cl
ll^-y-X KX 7)5*5 „ #$©:*; S V> IK* T tit, E«Wt©$

ufcu-> y^
MtiStt, ifi* 0 H X T X^CM £ BIT 0 5 M t> $> 5 7)1, 6 BcBlBE
0#(S5SSSffl SE £ & 5 Zc 0, s£S$ 1C HTPz! * T h 5 „ X * X - X h D XBf-tgjfiil,
1Si8Ti»56IK©K$#T")IR69»«tS-e» 0 , *MRj=$J:tKX h U
5 C BA'0T#T$5.

Su IBtHTISiaB LTIl,Ax*A<6j8$/:HXTX-X h U X0"#jS7)i#x -BBiTt)!, 
TH10t-'TXX b X-*Ttt, aW->XfASlALfc«il©Mttic**£«0
tx + x-x h u xy^a&mmf e.

Hi.i.2-8

Honeycomb MonocoqueSkin—Stringer

-tz>+h@ad<g^

Stringer

-tz^-y-tijxicMltxLEl^ 
-S#. A#%I:%A

Inner Skin

Honeycomb Core

Outer Skin

■JEJSEjh<7)/--tf)J!t£. Zlli

(DISISIPlje
ISW?W*.A#**5:lti/tB{*!$SI50|i*SH, -ft XX h X - X (DWUtt f-Xt-TS 5 tz 

0, X*-*£ffiffl UitJP Sfiifii XT, 5SS*$S + y-l:EffT5„ £ tl*7\
166-U. m$ttX-ll/TE«-r5Sig«5$BT5„ l8e0**l:ti;7£-feX?Lei$(j\ y 
##l:mgB^7Xtxm*5 B X ttsiltlx xTXX h X-X 3 X • /XT *7)1® 0

v) #$ES
$*EI+t:*j0Tia$ VfcT'TXX X X-X6* 1.1.2-11 t:*T„

#e 4.1.2.7 ftttftiteHB #m
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1.1.2-11 ft > X hi/-#'
fi I'J'

T-05333-1
xt>7 h l/-£Eu

iXItifXSstOTfE E644t# • SifiXXEA©-6ff% 
ft/Xhh-taS ttEiWe*Ertg]

a)
^0 112-9 (Xx'E XX h 1/-#? . ft>^ h

tXh'J>#t7hhl}47h-Ai'6&5f)W;Ty7'igtfc?.. X h U X Xi mt) 1 
5 0mm~2 0 Ommf'yftSath. TJh5

500 mme-;ftEiitM£77xteg
-rowset l/fc. X h U >** • V-A • * 1.1.2-12

(D#f f1)
5° ttr. ±Tig&a#m/#?;i/&#i#i:#h#iT^. »e. 

sfea®i,>#'-7x-4ffis6<*|u. uxx©'>/=c^«*&a3tf?5tt-r5fci*,
A?;h. xi/-

A. 6#ma Lt.

±BA^;hl:'tt. ST500-ST2500 (DlBHSrgSS^ V. #1-«1*1 «B © M tj 0 * i XS X h 
V XtftcB-x fcS6?$3f IhHEtEX xf A’-tz X-thSrilisdiXti. :?MK <h X h U X XHX, *iS8 
ftrofc®. 0til**tfnictt STIOOO xr# ST2000 ©&irr#hfijh,
2gg-^t>-a-©*g^i;ax. ai$Xfr6i®#i-*BS:#b»ici~s= #iB6©*@^itt x+t©m 
OWLS**. ±@/tX©h#'|A]fflA^5J:xi;bT.
Zy-y-ftti&ttz* (0 1.1.2-9 SECT B)

BOTDR tXttt:t:6&#Elf»#t%:+#'!%hxX:A, ST400-ST. 
2400 \z%7yOWltS. (M A X©h © 4= T ,8, X E> X* E © 41 5 „h
X? 43 J; El T X; tx 5t it T ® 0 tt tt, =fc *3 )£ IS H © El 4* ©-#t fl? £ at S'l "t X>« /ta^ll/ttfiSSSS
ftwtc©. Mix hU >X'©-»)®»©-ttAt©ht*ifii-rE>.
©TffiAX'Jh

Tffl/4 4=JH? WX SttE'If.'a #8 ©fc S(lffl$ll43 J; El'X X— h A x X- £ tfj ©fc 3=7).

fc©. ##%t©Elf »l/All/*g 5000/< 7)i£'S^ t£5„ ST 1 500-ST2 500 
©ttH£g«i*i©TX©Mft£5ti'lt/, gSSmttEABMEtt.

S U T V X X £ SSt" -5 X?^'S $ V ©, SiJ^tCfiKSLZrttfKax
h u >*'S2^s#TffiiErE,t?a:&8fflt-5„ x h u xx'txh*tt±BAt.ihi:ii«,

%S-Bbtir©e^^ v. «®£©*S£tt. ±BA*;n&*rtfif£&3,fc

5 Ej 7 X X°la "a t: L T © -5 = (0 1.1.2 — 9 SECT C)
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©ne/''*;i/
A#ffl©-#EEfiSS© —fiB®. ® 0 ff i r, JR 0 '4 l. 4 "[ fi£ % / - V ll (A j2 > U T , -#££#* 

C J: 0 RX H/--/3 rOTtx-BJ; 5 l:LTU5, A zRJHMSl t: #Ul/ h t|§£- U 

ItlMXiry h • R — )lTfr 5 ^?£ £ T -5 <.

1.1.2-12 h u >fl • k:

(m) (mm)
7V~A * t° yf(mm)

L - 1 8 8 3. 5 1 . 0 1 5 0 4 8 0

B 7 0 7 3. 7 1 . 0 2 3 0 5 10

D C - 8 3. 7 1 . 3 18 0 5 10

C - 1 4 1 ' 4. 3 1 . 3 15 0 5 10

O o >—
1 o 6. 0 1 . 8 165—200 5 1 0

B 7 4 7 6. 5 1 . 8 190-230 5 10

1 . 5 1 . 6-4. 0 150—200 5 0 0

3.0m
DPR Panel 
Butt Solice

Skin Lap Joint 
(API S> Loading

0 1.5m

LWR Panel 
Butt SpliceAl Frame

SECT A Frame Pitch 500mm

Side Panel
DPR Panel

Heating Line

Lap Joint
Splice Plate

Al Frame
StringerSide Panel

Lap Joint

LWR Panel

Butt JointOptical Fiber

SECT DSECT CSECT B

m 1.1.2-9 — IH H ®



vi) ^ - m#
a)

LMT#m sstonf mm0.75mm)
O^A#s 1 . 5, LMTf^m^MUT

b) #PR## 17bb
f$$T "E: ~T )V ■& 0 1.1.2 — 10 (3 tjn iTo tc^j $i ia "TT $) <5 7 <h '& %§ fM L ^ %% ~& A Jl <b L tz □

^ CFRP 74^761##^ 2 7 b U 7^7- - 7 7-Akm^#A LTt Avbit
L Xio

CFRP 7 ^ >####7 7-A67 b U 
%/: L, l^#6 7 L/z.

(STA 3000(7)^#^#^) A#:^6gA^f&i^6L,

STA-800 (7)#m:±[o]##%ff;b 17500kgf 
MB#i:PSU±0.75^E^^A^;b

^## LTco

0 1.1.2-10
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c )
F E M m W l: =fc 0 Jfc © k, 1.MT W S ft ffir # I: if «t5I» A %. *S«fctX3£j| g|5 tiL © $ 

(4 ^ —■ IE Sr IE1 1.1.2" 11 1C zTn "4 0

46*«I*©*8SI. ft>% h k-f
IS5CiS»8lfc. &*» ft>% h k-f ±B/^;ix+>©
$B (M.S.=+0.30) T*3„
*&> #Mk«faicMUT«. LMT«ra©#4- 10,000 IE Ic ##1" 5 |g * S w V T © 5, c 
S S#$8 U

X*>*B : MS. = +0.30

SSDt«!
35ton

X4r>@E : M.S.= +2.24 
(B6.1 ItSv-h 2 #(@)

MESS
X*>94E :M.S.= +0.57 
(B6.1 l+gy-h 3 #BB)

1800ne

X+>iSE : M.S= +0.97

m 1.1.2-11 ll-3SS$S:Ai6j3J:V%4$-|E

d) ItotiSmiSS
Bt# LMT #mft##©#*%(4S FEMjSWlcJ; DSfefc.

0 1.1.2-12 M±® 30mm (LMT $)($?
T<6 0 , +(ti-&M'JI4 6#'T3 S £Sie$8Lfc„

H 1.1.2-12 **$'{4 43 =ktX 615(4

— 264 —



i.i.3 rgs1 ■ simssj

(l)lit»A* 
i ) lit SIB to
E$«6S$lfcB#:*jS#i 1:77 7"-/ ■ 7 7'7‘7-f 7"® iSSSMV. 1ft - fSrtoiS 

We«84$&S6ET?> :tit|69rt5. 
ii)

* 0Hz~500Hz
* 16 B 11 fc a S li Jbt T t: J; & „

- w i. i. 3 - i c^ek'sx:,

o* ^

500Hz
W 1.1.3-1

(1979), 217, 3D±%.

oimT & o, sooHz
6 C

- j;o%\ ^ t>% h
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#%: 0~500Hz C ^ 6^6.
3.1.3-2

6T& 500Hz LITTLE H-^ ^ C

10 100
—---------------——- * * * -•*■»■■■

Frequency - Hz 1000 10000

wi.1.3-2

£BM : T.N.Christenson #, EXPERIMENTAL LOCALIZATION OF NOISE ENTRY 
POINTS INTO AN AIRCRAFT CABIN, AIAA-99-1835

iii) ni # f± #

mm - p a (#mc

t:j;o%\ 3; j;

3.1.2 ^(Dm^B^® r$,]### 
20%@^a±^]±^#6j ^

PZT 7/7

3.1.2 ^(D#^B#® T#
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iv) :3MB

6 1.1.3-i 4#B(Wd#&^mT
^5 o

1.1.3-1 m^rn^B
B^mmB #ts

• M 8s T ft Bit <* # to fl fir $ ft l i, ft O t # ft ft ft ij[l
E»»tX#ttfl:#|«©jg»lOi$«T-j,*> b T-XfiUWtfi 
ftft OftKt*®Simti (BWS»»/*»e- K/SSft 
ISO ftjRAft.

• ^*l$TCD«flflllEgtT«$ L-
ft PZT ft >ft/T XftriX-X62e<Dtl@/-@J!l: ftRft'WI# 
BJ (0 fta - x > X* ft ft Aft <,

ia«jftil1ffl«@s

• PZT T5faX-ft: ftftfiltl • #g$'l#ftXftAft#m 
Stfc#&&OT»Uls4lsS^T, imfiggftft OftM 
#-xgi)jii«$fti,i, -e ro ft e ft $ f# ft fc a s ft r ft- ft Bit 
ff*#B®$ttiDia$ft'-ft*ftft-ftft'Strrftft 0 fttt* 
cofiimtt (BWStoS/Stoft- H7iHt8fti&0

• i£®fcS«->XftAfPlii/#-ftim ©aSftaSrtbU ftT, 
SW# Si At" 5 ft- H toSKSSft 20%gJg|6]±ftTA 
•5 ft ft ft ft'ft-

s^afpfss 1

• fSSSKftAT PZT 7Xftn.X-Xftft£fi((j • liSBiHfl 
->XftA ftfEimftftiE^RUTT 11 ftT AftHtB-g-T, X
ft-ft-ftft OftBrt*tT3ft sm^mfirftftw, ftiittftrft 
siioSEftftftft-xsrxfiTs.

• * » fc a m -> x ft a ® p# <0 «is # ft as ® i± ft x; i/
ftlfcliftT, ffflSEPW 3dB JXftigaftTAT ft ft 
ftftTo

- PZT j;6#m - 0#$m

• M &) fc $!! M v 7s t* A W)/# fM # # (7) # P^i nl^ # j± 1/ 11/
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i )
## - 7 h J^T

®7t7 7 h 1/3 @j^(DmgM#&^^L7b&(DaT'5o

a.
(3)]#mTay/7f-/ 7 - r%7 7/ 7' - yyy^/ 7i#m^

t77 h 77 h
i/—7(Co'^>i±ao

^a^<#77 h7?mf#T#a j:7#mTa
C 6.

®*#;a#:T#Asfia#m#, M u 77"#
(D^cDcD^T&ao 3:oT,

^m^B^^^WLTwaca^mmTaca&^ao -ecD^
2 V^6o

1,, t)(DT&a.

-r%%##.#ie777Aj (NEDO)
-r^%$^#.#m777A(D#^^^J 7t77h7-7^#gt@ (RIMCOF)

ii)
77 h 7-7#gMt##&j7Tk:^T.

</> 1.5m X 3m
@3.1 ai:sti» • m^mmwikizmm-c' % & z. t.
©fSBSS^MBrottsK/SS-erSSttilttto/hMgtiSeiiUfcSroiiTS ii.
iii) £ Bit 56

i) arol2s+5?tt@ ii) 51®IS:lt{±tiltc$r3'eaaSVfc©i;>X h I/-57®
in 1.1.3-3 &t£$ 1.1.3-2 ICSf.

77 h 3; Om#Ta C6C j;
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[-7 j x Myfi (4PLS) — 11) F18 2 (2PLS)3 ) MPLS)( -5 ) 4 x?l/- 1 MPLS)
(12PLS)

3050 .5 (REF)

STA
30002250

-l met

0 i.i.3-3



1.1.3 —2(1/3) ?1±«(±eil7E)

IIS i±m

1. • x^y-xb'jyfj-xiy-um^o
■ yiSBISnJL-^-v'yKTECc

2. mmm PI* SI5 X^y ■ C/Epi@A#(T300/P3060)

xh'jyfi ■ C/Ep|g^fa(T300/P306Q)

xzt^xJLs-h • C/Ep^^#(T300/P3060)

y\s-u • A!-££(7075)

nJL^'yK ■ AI^A(7075)

3. ii B1 mm&mm ■ 0—500Hz

4. P1*SB ■ H 500 X 3000mm

X ^f-'y PLY& ■ 16PLY

ArJ¥ ■ 2mm

^hu yn mt • 7U-KB«(i$TT®m

0*.? PLY& ■ 16PLY

tRff ■ 2mm

as • 25mm

y=>yy PLY& ■ 8 PLY

flJ¥ ■ 1 mm

ill ■ 40mm

ies ■ L>5F:nJSD^]4!F^

X\y-U JBtt ■ a®¥5B«

OjlX tKJ? ■ 2mm

• 50mm

xxyy fIJ¥ ■ 2mm

«? ■ 30mm

i m ■ L:'yf :#$@^r*!750mm



1.1.3 —2(2/3)

il m

4. &SR\Ng Mi* #ES/$o A ^+>J^l^[^45)l|]C±T^^©^hlJ>^iSTT))|iJ)0
Qm) 3^tN ^ l£ □ 0

U'vti'
^7^f 133/16. CRES0^+>^^ffil-±^^©l3M3i0
^ 4> S££-SB© ^7^ © 5iJ 134 £i].

nJU/7

#Am#P)]±©/c0. A\£&m<Dyi;-u\z%mm%ti>T7j*HX+^ 
5<71 l]?iU + x©yjIL-2[i]?SU^S61"o Efc. C/Ep©^toffii:i3#120^j'5 

^4a7f^,

-&Hiff£250mm

snsu Sfl • 250mm

ffiff ■ 10mm

■ 7b-KBt£D5/7y/3U)o

v"± 0x7 teJ? 1 0mm

■ 80mm

iea ■ 4420^90° T^C-h^M),,

nitsii JX tSJ¥ • 10mm

71T< ■ i£Uf®tt.

7t 0x7 Ur If • 10mm

»? ■ 00mm

~p^y'J miw 1 0mm

ipi ■ 30mm

• 4420^90° T34EA&[/ID^[°I#^P#T2EAc



1.1.3 —2(3/3) $1±S(±SI#)£)

isg i±m

4. #$BT|-JS MJl'9 • £F1$R:*T'{7t£tifottr-mill’J&U0

(JSHT) ^yY

im)

• RliSIJ: Je^fal z4ftW\o T—i*mJ djb„ XT4
(steel)

(Steel) In^-o
■ ^ffi^Ill37Py>$ailo
■ A J1/'yK1 C75'vv^ESltTMitMy \s-U£KM (Steel) S&£0
■ Ajb^AlyKI3^fBij*^®^(D7^1z7T^1*/\^^Z6n^cl:di:1"^o

-tzy+t PZT

/7C • 30mm
Tn. ■ 40mm

&
1H 3¥f$ ■ 750mm

If? ■ 0.5mm
icz/m ■ 7HJ>^7b-• ATBEhfcZ* JM ^-f^/cU9EA^S-^9EAX 16^ < 

X2(7(7fal-5E iZ'vtrffl)T144EA07ly-A±i:37ly-^X12EA 
T36EA0 ltl B0EAo

■ 7 4'vAffii:ieE0
■ EA956(%7K4A/is#a'l) I:eta##.

f-016 MMJSiz'vtf • 70EA
tZ'V4? gz-z ■ 30EA

W2P*V ■ WEL-xjFltijffl, MB^ l*]§B£fo1±22EA0

• 1ShH*l*]SIH©Kttl3, n^5'x.yH'tinSI541ftlc?L«Slt. ^Zl:i$U/c

5. t
a0

■ ^^©n-KTKOhlJnJb^'yFt^f a7L/-A±lC|Slta0



iv ) fit nX ft'- f.l Iff © riX /if 
a)
*f t XX h X-X (4, KSSffeH* $ ssrl" 5> X i l:=fc 0 W«D:4HTit5.

• {£M»9mWAK : Hii#
$Zz, SI4, B737 Uto/bSESE© l/3i*il/tKTClit5 (B737
®f±«6e*iait$e*0{4# 4.2.1 m cs®).

■ {%!£,$• ft B-'tS. : <t> 1500 X 3000mm
i ) «©E8tA«+®, @RCXRjH-tt«®lcSd< .

b ) #fa#lt
Ifl/XhU-t'll i) II® f hE a ) #ICi#©/c4: 7 I: r/Jx§Lij|^:fl® 1/3 8$® 

Ef$£*®-5la5M*#SE;6#f;!it<*j t UTSS ft®<#8it<*®ffi@# 
314, 1.1.3(2)11®^ 6, «(*#» • «f*Waft XX h X-X tlUlX . #*© A1 frA 
#®KWfS®$i$#itT$>5tiT©=k b tit 5 f X n y Xt#i8£flffl®£.

• ti$#it : X + >-Xh'J>(f • 7b-ixlg
*&, HSRtttiCCiiL.

jfitr5S^f;BSTT. #!;(#:[*)BISStoS«fil*llcSETS, 
c ) filiBOT

iait*#f-©t=fc 0 * ifp7XI-(i#l
LTHTO =fc -5 lx®-3.

• X® X : C/Ep (T300/P3060)
• X HJ X *" : C/Ep fS^tt (T300/P3060)
• X X-A : A1 -&A (7075)

A'll/X^x blxolxTtt, bE(T®ttfttt5 iv) g)@Jl#
HO.

• AIVX A X K : A1 (7075)
d ) #-□
ft XX hX-XtCiSffl®-5tt^tt©fiei»bttt, ft XX b X-XXLTtt#!;:## 

jtfc-6e>©$t)XE0®-e,
e) a-BISf*
® Jlbl ft Bis x ® xfp s
*ft XX h X-X!i8)tt4, $*ft, • tiiSXXf tX *5 tt -5 B S

9f)5iLT**Ltb5 r 7 X f 4 7* • 7 X* 7°f 4 7*#iS8ffi © MK 
©E%j IXtoTMSgU/xtolfilffl LTfax. f© rsmil^gygFffiroemj 
T)gt®c#ifiB*tt!S(*© PLY 16; (»®SS©«1) 14. toSESt!£#S. UTE£ UXxfi 
Tfccfef ©T. *ftXXl'X-7©XfX»St4, f ©fSjfiBSfftttft©©® X PLY Sc

• X ® XEff:2.0mm( 16PLY E® «■ ; [T300/P3060{ $ X b X* P3060B-12)])
X © ffls (4, B737 fflS®E$#*«©fl (B737 TUffi 0.91mm (**8SI+«fiS 
ftl 4.2.HM), tztiv A1 £r*) =bttAT*#©f. #6##ai4. |SJ
IX 7w m * f® XT la St LXc A1 £M8iSICrt®T«@ttJ1K t#xe.:h5©T (S-6-

— 273 —



tmiSttSBifser, seic, cai jtttwtcs
a*fit#x.2>o
»*$. xt>*SHc®ir#Tt7i'i, mafrrosttmisESBsetsffis®ie
6Bg/vTa9Sf 5/\‘5/-5'SLTtt, #3iti®SBB77$f IB to 5 4 S 4:75 = 

@)fl|SH*sr.#5Sfl (7 to-A/X h U to*') IBB- 
(r) isexst
«#• hi/-->3xte* ®t, ft

toX h- l/-7tottiS-^l*iS®S®$tt!|etttt$,5g$*Bl:ifito*7)ia$ Lto„
Lf to, fttoX h to-XtolM X'l4,ff,gtoTto57SiR5gll®#S 1/3 7*5®*', #3S 
ti®7$7IBBf IW to«t47ntf#iS®SJttl45e#<i:tt;iRtoT7/=£ 0 Btofe® t 

S/c, tSSSiaroXS S Tjg|*t#'l4^*$ o T V $ 5 l*l8l5®SV®l))t:® toTIS;, 
f t tox h tmmTit^cDmtmmmtsmmuz, «ig®i»Jttt4, #3iti®7$
£7* < tofc 0 IBB t"v ft 7$ < 7 iiXS -SflSS®
SSttlcM UTtt^b-6 5 4 4:14 7*167 $.5 = tCT, y,T® =k 5 I:, ^fiTO&fiiiS®

4 a s to, #aA*smai;g#®#m##i:3to-ni- tne.® 
toTM-Eff t toX h to-X S*m@&tf 77RII#&*#I475 7 7 1475 =

A. 7 to-A4:X h U toftoSBB OB-yf) 14, ftlbTBihfc/UXHIftoBti 
I6ES, ES«H«SS/eLfc:/N'X;i/®HWSliElcS't3-ti-5STIS$T5„ 

b. 7 v-asx h u >®*®KB®tts-$t4, ft>x h k-xA#®#msma;#:# 
®H#ig»S®±TM«^\ IS«IISS£L/:;tf4Cftie,©l|Sll;fi7< 
=k 5 I:g£t5.

(f) #36«IBB®E$
±E (7) 7l/-A»tfX B U >/)®SBS»»t^. #W®*

®, ft toX h X-X&tXESEUBffiStf X® AX;l/®HWSIt«t/r6 NASTRAN 
14 4; 9 SI$675= #+lr#f*t & 1.1.3-3 14, <Wt/rS616El 1.1.3-4 14*7 = *#61:4: <0 ,
7 to-A&7'X h U toftoEBlBy f SKT® 75 l4S$to/t =

• ®$6*|6lftS (7 to — : 750mm
• JWf |6]iE c: (X h U to f IB '.y f) : 1178mm 1500mm ® IS j»l 4 #*S
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1.1.3 —3

itm-z

PNL001 PNL003 PNL004 PNL005 PNL1 02
R(mm) 750.0 750.0 750.0 750.0 1880
WCmm) 589.0 1178.1 1570.8 1178.1 228.6
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-M 1.1.3—7 (1/2) T^>X h I/-X 0*781® (Hz) #@-[*@1%##,%)
me

1 50.3 51 170.5 101 201.8 151 220.7 201 247.4 251 277.0 301 344.3 351 419.3 401 486.1

2 50.3 52 170.5 102 201.8 152 220.7 202 247.4 252 277.0 302 344.3 352 419.3 402 486.1

3 100.4 53 171.0 103 202.6 153 220.9 203 247.8 253 277.4 303 344.3 353 419.3 403 486.6

4 100.4 54 171.0 104 202.6 154 220.9 204 247.8 254 277.4 304 344.3 354 419.3 404 486.6

5 106.9 55 171.0 105 202.8 155 223.6 205 247.9 255 278.0 305 344.9 355 419.3 405 486.7

6 106.9 56 171.0 106 202.8 156 223.6 206 247.9 256 278.0 306 344.9 356 419.3 406 486.7

7 114.2 57 1722 107 203.8 157 224.9 207 247.9 257 278.7 307 345.0 357 424.4 407 491.7

8 1142 58 1722 108 203.8 158 224.9 208 247.9 258 278.7 308 345.0 358 424.4 408 491.7

9 1182 59 174.4 109 204.3 159 225.3 209 248.6 259 279.0 309 366.9 359 427.1 409 491.7

10 1182 60 174.4 110 204.3 160 225.3 210 248.6 260 279.0 310 366.9 360 427.1 410 491.7

11 122.2 61 176.9 111 2052 161 2272 211 249.1 261 279.4 311 366.9 361 440.7

12 122.2 62 176.9 112 2052 162 2272 212 249.1 262 279.4 312 366.9 362 440.7

13 130.8 63 177.0 113 205.9 163 227.9 213 249.8 263 279.9 313 3710 363 440.7

14 130.8 64 177.0 114 205.9 164 227.9 214 249.8 264 279.9 314 371.0 364 440.7

15 131.0 65 181.1 115 206.7 165 229.2 215 250.6 265 282.9 315 378.4 365 4412

16 131.0 66 181.1 116 206.7 166 2292 216 250.6 266 282.9 316 378.4 366 4412

17 144.8 67 181.5 117 206.8 167 230.6 217 251.1 267 282.9 315 378.8 367 4412

18 144.8 68 181.5 118 206.8 168 230.6 218 251.1 268 282.9 318 378.8 368 441.2

19 149.4 69 182.5 119 207.3 169 231.3 219 251.1 269 284.7 319 381.3 369 447.7

20 149.4 70 182.5 120 207.3 170 231.3 220 251.1 270 284.7 320 381.3 370 447.7

21 151.0 71 183.7 121 207.5 171 231.6 221 251.7 271 291.5 321 385.3 371 450.4

22 151.0 72 183.7 122 207.5 172 231.6 222 251.7 272 291.5 322 385.3 372 450.4

23 152.1 73 184.9 123 2080 173 232.0 223 252.1 273 291.6 323 385.4 373 450.6

24 152.1 74 184.9 124 208.0 174 232.0 224 252.1 274 291.6 324 385.4 374 450.6

25 1552 75 186.6 125 209.9 175 233.3 225 252.5 275 3022 325 389.3 375 463.0

26 1552 76 186.6 126 209.9 176 233.3 226 252.5 276 3022 326 389.3 376 463.0

27 155.4 77 187.7 127 210.9 177 234.8 227 255.0 277 306.0 327 389.8 377 463.0

28 155.4 78 187.7 128 210.9 178 234.8 228 255.0 278 306.0 328 389.8 378 463.0

29 157.1 79 188.1 129 2112 179 235.6 229 257.3 279 306.1 329 394.4 379 469.1

30 157.1 80 188.1 130 2112 180 235.6 230 257.3 280 306.1 330 394.4 380 469.1

31 157.3 81 189.5 131 212.6 181 238.8 231 258.6 281 307.7 331 394.4 381 469.6

32 157.3 82 189.5 132 212.6 182 238.8 232 258.6 282 307.7 332 394.4 382 469.6

33 160.7 83 1902 133 212.7 183 238.8 233 2592 283 307.7 333 3952 383 4732

34 160.7 84 1902 134 212.7 184 238.8 234 2592 284 307.7 334 3952 384 4732

35 1612 85 191.9 135 212.9 185 239.1 235 2592 285 308.6 335 395.9 385 4732

36 1612 86 191.9 136 212.9 186 239.1 236 2592 286 308.6 336 395.9 386 4732

37 163.6 87 1922 137 213.5 187 2392 237 260.9 287 316.9 337 4012 387 477.6

38 163.6 88 1922 138 213.5 188 239.2 238 260.9 288 316.9 338 4012 388 477.6

39 165.5 89 193.6 139 213.8 189 239.5 239 261.9 289 315.3 339 401.3 389 477.6

40 165.5 90 193.6 140 213.8 190 239.5 240 261.9 290 315.3 340 401.3 390 477.6

41 166.1 91 193.6 141 214.0 191 241.3 241 269.4 291 322.6 341 404.0 391 479.9

42 166.1 92 193.6 142 214.0 192 241.3 242 269.4 292 322.6 342 404.0 392 479.9

43 166.5 93 196.1 143 215.8 193 241.5 243 270.8 293 322.8 343 4142 393 480.3

44 166.5 94 196.1 144 215.8 194 241.5 244 270.8 294 322.8 344 4142 394 480.3

45 167.8 95 200.8 145 218.4 195 243.5 245 272.3 295 334.1 345 4142 395 480.5

46 167.8 96 200.8 146 218.4 196 243.5 246 272.3 296 334.1 346 4142 396 480.5

47 169.8 97 201.1 147 218.4 197 243.7 247 272.4 297 3362 347 414.9 397 480.6

48 169.8 98 201.1 148 218.4 198 243.7 248 272.4 298 3362 348 414.9 398 480.6

49 169.9 99 201.1 149 219.6 199 2472 249 273.1 299 3432 349 419.1 399 486.0

50 169.9 100 201.1 150 219.6 200 247.2 250 273.1 300 343.2 350 419.1 400 486.0
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1.1.3—7(2/2) 5='JE>Xhlz-^BSSIIiSc (Hz) [-sa] «»)

1 109.6 51 208.5 101 270.8 151 360.0 201 434.9 251 536.3 1 0.0 51 371.0 101 480.3

2 117.1 52 209.9 102 2732 152 360.0 202 441.7 252 539.6 2 50.3 52 378.4 102 480.3

3 123.8 53 211.0 103 275.3 153 364.4 203 442.4 253 540.8 3 100.4 53 378.8 103 480.3

4 127.5 54 212.9 104 277.5 154 370.0 204 442.7 254 5412 4 132.4 54 380.6 104 480.4

5 151.0 55 212.9 105 278.7 155 370.3 205 442.8 255 5412 5 132.4 55 3806 105 480.4

6 152.1 56 214.0 106 280.3 156 3722 206 4492 256 545.8 6 144.9 56 382.5 106 484.4

7 1552 57 215.8 107 2812 157 373.0 207 451.4 257 546.7 7 144.9 57 382.5 107 484.4

8 155.4 58 215.8 108 282.8 158 373.3 208 452.4 258 547.1 8 149.4 58 385.3 108 4852

9 157.1 59 2162 109 282.9 159 374.3 209 453.1 259 547.1 9 171.0 59 385.3 109 491.7

10 157.3 60 218.1 110 284.7 160 375.7 210 453.5 260 549.4 10 171.0 60 388.4 110 491.7

11 1612 61 218.4 111 288.5 161 376.0 211 462.6 261 549.7 11 196.1 61 388.4 111 495.3

12 163.0 62 218.8 112 288.6 162 376.0 212 462.8 262 551.4 12 206.8 62 390.5 112 495.3

13 164.0 63 220.0 113 290.7 163 382.6 213 463.1 263 553.7 13 206.8 63 390.5 113 497.5

14 165.7 64 221.0 114 292.6 164 384.7 214 463.5 264 554.3 14 218.3 64 394.3 114 497.5

15 166.4 65 221.5 115 292.8 165 384.7 215 464.5 265 554.5 15 218.3 65 394.3 115 498.7

16 166.5 66 226.7 116 294.0 166 384.7 216 465.5 266 5552 16 227.1 ___ 400.0 116 498.7

17 167.8 67 229.3 117 296.1 167 384.9 217 467.8 267 555.8 17 227.1

ES 400.0 117 501.7

18 170.0 68 2302 118 298.4 168 385.0 218 467.9 268 555.9 18 235.6 88 J 403.9 5022

19 170.5 69 231.3 119 299.4 169 386.5 219 469.0 269 558.1 !i, 245.4 69 403.9 119 502.2

20 1722 70 231.5 120 300.0 170 387.4 220 471.8 270 558.1 20 245.4 Z°, 4142 120 513.1

21 1732 71 231.8 121 303.9 171 387.9 221 472.1 271 558.9 21 247.9 71 4142 121 515.5

22 174.4 72 232.3 122 305.0 172 390.4 222 474.0 272 559.3 22 247.9 72 414.9 122 515.5

23 176.9 73 2332 123 310.1 173 391.3 223 474.3 273 559.6 23 260.9 73 417.7 123 516.9

24 177.1 74 235.3 124 314.3 174 394.5 224 477.0 274 24 272.4 74 417.7 124 517.0

25 181.1 75 238.8 125 319.5 175 394.6 225 478.8 275 25 272.4 75 419.3 125 517.0

26 181.6 76 239.0 126 320.0 176 396.5 226 480.0 276 26 279.0 76 419.3 126 520.3

27 182.5 77 239.0 127 322.4 177 396.6 227 482.6 277 27 279.4 77 424.4 127 520.3

28 183.7 78 239.9 128 322.5 178 399.8 228 484.3 278 28 291.4 78 427.0 128 520.8

29 185.1 79 241.3 129 330.3 179 403.6 229 484.5 279 29 291.4 79 427.0 129 520.8

30 186.7 80 241.5 130 331.0 180 407.3 230 485.3 280 30 300.6 80 440.7 130 525.9

31 187.7 81 2422 131 334.9 181 407.4 231 487.0 281 31 300.6 81 440.7 131 526.4

32 1882 82 2432 132 334.9 182 408.5 232 487.7 282 32 3022 82 441.1 132 526.4

33 189.7 83 246.0 133 338.9 183 411.3 233 489.9 283 33 306.0 83 441.1 133 531.0

34 1902 84 2472 134 342.1 184 415.5 234 491.3 284 34 306.0 84 447.7 134 531.0

35 192.0 85 247.8 135 3432 185 417.1 235 497.0 285 35 307.6 85 447.7 135 533.3

36 1922 86 2482 136 343.3 186 418.7 236 497.8 286 36 307.6 86 450.4 136 533.7

37 193.6 87 248.6 137 347.3 187 419.6 237 500.1 287 37 308.6 87 450.6 137 538.3

38 193.6 88 249.4 138 347.5 188 420.5 238 500.4 288 38 321.8 88 450.6 138 538.3

39 200.9 89 250.0 139 3482 189 420.6 239 500.8 289 39 321.8 89 462.9 139 540.3

40 201.1 90 250.1 140 348.7 190 420.7 240 502.4 290 40 334.1 90 462.9 140 540.3

41 201.3 91 251.7 141 349.4 191 425.9 241 507.4 291 41 334.1 91 465.4 141 549.8

42 2022 92 251.9 142 351.1 192 426.6 242 508.8 292 42 336.2 92 465.4 142 549.8

43 202.8 93 252.5 143 353.7 193 4272 243 521.7 293 43 343.2 93 469.1 143 550.1

44 203.9 94 254.5 144 355.1 194 427.9 244 523.1 294 44 3432 94 469.6 144 550.1

45 204.3 95 257.3 145 355.4 195 428.3 245 524.0 295 45 3432 95 469.6 145 554.6

46 204.8 96 258.6 146 356.5 196 428.9 246 529.7 296 46 3442 96 470.4 146 554.6

47 2052 97 259.3 147 357.9 197 4292 247 530.7 297 47 3442 97 470.4 147 557.1

48 206.6 98 259.4 148 359.3 198 430.5 248 533.7 298 48 366.9 98 479.9 148 557.1

49 207.5 99 261.6 149 359.5 199 431.4 249 534.6 299 49 366.9 99 479.9 149 557.5

50 207.8 100 269.6 150 359.6 200 433.4 250 535.1 300 50 371.0 100 480.3 150 557.5

151 558.4

152 558.4

153 558.5

— 285 —



4;oT, t>-+(h77
7zL%-7(7)^#t#[#^ (144 + 36) X2 = 360EA&^^,o 
(BPZT

PZT(D^^(:OWTd, r7/7^7"'7y7°T^y#a###l^
(:+3^6$§M(^(7)^#TmW/: PZT[#±t7^ v77 C-91] 

20X40X0.3 1 mm T&0, +^t>7 hi/ —7 T# to <b± #;&###(?) #-&&

• ; 30mm
• # # fo] # ^ ; 40mm
• mill; 750mm
• @ + ; 0.5mm t

(g±t 7 ^ v 77 C-91H) (h±E^^a^^mT6 C 2:TMjGST^ t (D6^6.
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(1) £ x - 7" F 7 F $ }$ $ £ © £ Si fit $ A E ti B g £ £ i£ © Iffl 5fi 
( i ) $611
t* $ {* © 8 fflI: 3? % « ft Sr m ts »$ to to -d ft D , #f ifi it Ift SIS I ; « «7)5 % £ L ft D U ft E t 7 

5S4T 3@ttiS(AE)£ PZT -feFftftk'XlSyLtkkftcfcbT, mmt7tSl£©$#%&F] 
7 7 kft'Xft, S 6K*Stfl»-fe>»V AE © SJ il 9# [W g £ S'l £ T 5 7 k T$4B«S5rR 5 
C6*(Rr#6A^. BitiMttT'ffl F 6*13 CFRP ##&«#

7 A»t FTSfSft. 7AM Sot- F k Act- FTtitEStl, 
$#t7*H^©fr|Ift kBX1-*{£t:5SFTtS So t- F©$i@tS/hS < , A0t- FroStstS 
* £ < ft 3 . 7 7T, S o t - F t £ V > T {£ B E £ tfr 7 Etc f!9 @ k ft 3 © SFE ft >. ft" rj p)

re©*£T& 0 , SISftFFft F So t- F k X £ X'k©SiSiJ/'FHi6T-$> 0 , £ b tc Sot- 
F©@iS$£'#SIC®Fftii, e$S$©$£Bg£ICtSBEIFftbfc. £7T, *E3mS
£ x - x f 7 FX#&m©%cat:j:7-c, Aot — F©amneret:
Si fIX ii m g £ £ ffi © W X ft fr 7 ft.

(ii) H®5*?£
I# MSS© CFRP XftfttS Hexel S© CFRP 7" U X F' 7'ft A ft SIB L 

©fi$, 2 P#W£-7 F SVX«»LTf8 Eft. fF® L Sc CFRP A ££©££
XtS 200 X 150 X 2mm T ft 9 , MM IS [Ols © — EB ti ft £ XtO/gOts © SiC FtT'ft 3 . 

7 7 Lt^iLfc7®i0 CFRP /'\X£tC3FT7ft#©#B%#i|£ft$77ft. S]£lc
ffiFft©7>© AE tX+KSSSIB® PZT £>£-(*±£7 5 7 X X, M204A, Eg 4mm)T 
»9, Sr FXFsJHilt(S 100mm lift. E® AE $>©3B£tCtS, '>7-7‘0->£©££E 
SrftttS:>i-$BtC*f L-TaWtCfTbft. St X+MItiaj Fft AE iS»(4T >7 (A1002/6 
±£5 5 -7 £X)-ei@tS V, fy©WyDX3-S (Lecloy,LC334A : SEXI®* 8 t 7 

F)ftfflFTft->XU 7XWPS 100ns, 5000 ££ > F © £ fr TiRfi F ft. t©%, #£S 
SStCOFTtoXx — XF7 FEttftfxF, £ x — 7* F y F US© ti—X BtFsi ft ft o Tf]
#P#rek Fft. 7 7T, 100kHz JXT©ffiH®iScft£Fft:lg&, t: - X £’tS £ < , $$$
®lf67i«#i7it. t-nt7MCT 300kHz @®©SiJi«i&ftfflFft«£, t”-X£
WL< JiSOtflXtJ'XliJjiyft. -37X*§f3gTtSAot- F © JSf i£ 8 i FT 300kHz
&IKl£.

a 1.1.4-117-x rets ts is it 345° Ere© Aot- f e jss'i£ tc m © ft > tx ©tt
mzSSftttxxhftxMiftXx-XFy FE$FT#bnft 300kHz ©xx-xf y f

##tft££. #BE)# left FT Ao t— F ©SJiStCg Fijltlft ftStSlcStJE FT £ x — 7* 
Fy F#»© k-XX'm< ##IC#ETF3©X'6$£3. ft x - X F y hfISfflOJI 
iCSyt, Aot-F©SlJiSB#W^fflSJ: < , $StC*©3 7 k£'WrtET$>3 7 
5. 7 7 FTft££tXft®lifP6reft&t FfttCFFT*®, t >ftW?E«ft iiJifBtdflittT 
l&Fftf* SSMt F, £ blcXBtttcJ;3#ii$XSft*»ft. f# b *1 ft$i$S6>:» ft 
El 1.1.4-2 IC£tF — EB#(CM FTtS So t— F , Ao t— F k ft ICffif ffi © g ft tt £'S 
ftft. 7ftfC*fFT, EftgfCM FTfS So ft- F ©»iSS© gftttiSIgSlft ft©©, Ao 
ft- F ©#86 ISM'-£1lft S F ft. £ £ Ic# b hftSiSSft* ft ft k ICifitHMft*©,
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( 2 ) TiNi/CFRP Sfr44!f4©SBI#+$
i > H ! i

7 >t+<h 7 XEt. x —XfitE6jE+allx./cS#:SBtt1+iT EH 44 #4 7 
7 >1+11*6 S#T 5 ft 7 r-f/tS CFRP#©4gig44f4i-#7LLT. #]®75 
#6. 7743=714 CFRP l/a©iA&'7XE7.X-X44i: LT TiNi 6+tttBtS6:fe (SMA) 
77 7-651 ©, TiNi ilfeJA©- CFRP XV- Miir44l4 6 Sifi L/c. f#B/c7XET.x 
— X4#-I4SW4~5 TiNi/CFRP It 6 44+4 S i'J ® 7 5/c © lel+vxn X r / ft 'J >X*S 
#6 TiNi/CFRP f LT, 4=«%"Cti, *y hXW
XCJrDIFISnfc TiNi/CFRP #S44*4 tc+51+5 SB©«BIEli©«S{ <L SBE^ B 
©SISSIX©, TiNi 77 7-©$B:M©t6;$:SfflE L/c. 

ii)
CFRP II*46©figSic 14611 0. 4mm ©TiNi 777- 6# 4 0. 2mm ©

CFRP 7°U 7° LX* (Hexcel Co.) 651©, CFRP X°V 7‘LX'X TiNi 7 7 7- 6-*|6] Icll 
S75|5gle 4 BSII1 L/c CFRP 7°'J 7°LX*-hlc, #&*S6BI L, TiNi 7 7 7 6 1 mm 
f@ Pile SB 31 L/c. 4 Lie, 7©i:lc 4 BSIIB L/c CFRP X'J 7V/S0t, CFRP 7°U 
7° L X’ 8 litifiIIS Stl/ctXL SIC 361644 4: LT TiNi 777 — 6 1 mm [HIPiieif it> 14£ tl
5 7 7 tcfigs L/c
6 fflffl f 5 /c Si,

. CFRP X'J 7° L X* © IIB * fa /5 41 £ 44 +4 © 5131 0 36 S le 5: S1" H IP 
CFRP XU XLX*674lf 4l, 0°, 30°, 60°, 90°*|6]TIXB L/c.

T. VV CFRP W 5i © X 7 r y ^ y\ L 1807 3 lOkPa © 7 T hn i v"ft — / CFRP Kg 44
# 660.1ft • 60E75 6 XlcX OH-SXWSSjSL/c. 7©4S, TiNi/CFRP 11-o4414651 
3«tt^ffl©lil6Et LT JIS-K 7073 teffioT^X60IL, §131 0 366SF«L/c. S 
/c, 9:SBE#SS!ll°75/cSb, Wesn/ctoilEX«ESti/c|it^E6 SEM leX^T, 
TiNi 777-taTL©34B, SB, EEBtoESSfro/c. S/c, CFRP t TiNi 77
7-t©SBSSlBtc&t3:1~imSF«r5/c©, Lftfft, HC1, H2S04. HF+HN03 f©Jc 
-jT 3 TiNi 7ft-6SI»aL, SBiWJtL-l© TiNi 777-6 CFRP 
X >J X L X* le a © & A, /c 41 £ 4414 6 S ifi L, XX7 X Mit@! (c J; 0 TiNi 777-t
CFRP elf X ©SBIS^A6F«L/c.

3) 8St#S
TiNi 7 7 7 —/CFRP 41 4414® 5131 U 36® 14 CFRP ©lIBXlS] l:/t < ©

T, TiNi ©4B®j®SfiJ51 L/c TiNi 77 7-/CFRP ll^44#©##MA##6%#7
5 4414181+61+7/c$5, CFRP II @ X [6] le 4; 5 TiNi 77 7-/CFRP 4SS44+4©5I31 9 
36S6X:to©E#r©ff«»s'e^-e$>5. 0°IIS TiNi 77 7-/CFRP It£44+4©5I31 
9 36614 1. 2GPa T&o/cAL CFRP ©IIB A6/S':7e < & 5 H £'5131 0 36® 141ST L, 
90°*n4l*l TiNi 777-/CFRP 41 Lr 44+4 ©+§ £, 5131 9 36614 SOMPa T$>o/c. # 
7 T, TiNi 77 7-/CFRP iSS44*4lc 5131 9 AW65-x/ctSir, ESWe AS 14,4141
ttSItoSBWXltOlcXoTEBS+iTLSto/s'EXc/c. S/c, 0°I*S TiNi/CFRP 41-6- 
44446 SEM le 4; o T*i« L/ciSS, TiNi 777-@aT14±#6M+LX'#EL, 76
$14X19 30ymT*7/c. a$5i$$il/c TiNi 7 7 7-7 b 81+15 S $', XC?LStt77i 
< Zt7/c. S:#:ro/j:5tTL»l4E 2%TS7/c. 1807, 0. 3 MPa ©SrftTfXL+l/c TiNi
7 7 7 —/CFRP ?1-644141/+31+5 TiNi 7 7 7- t CFRP v MJ 7 XX©SBSISS SEM 
1cE7TESL/c$S$, H 1. 1. 4-5 leXL/c £7 leSBIc 14*4 1. 2 ^ m #§©##©% 
EX'KSS+i/c. 5©4:7X#®%E14X7 F 7° LX Tog## 660# L/c#, <36PI8
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nr TiNi U't-V-t CFRP 7 HJ -y 7 X ©x»4^ 7EI6 5 gc©S bigHl"
5 fc©-e$>5. 5 © J: 5
hfflibbS-XxS-l’ hffl^x® TiNi |gX?®©lHc?i!4T5ffii5jE*fiT©ISia£*£.
X©fes6, ttWIffli LT©fSffittiit^i4^fiT-r5 n J #bl4 A* * 5 . ©©S5&# 
BSStt TiNi 9<TiNi 77 *-©SB®S i o T&*$ ti 
6 b 5^'M#5Ti5. Wxti, SEM, 3-t-O?, f>F7'7X7-^/i'7t£i,i« 
#tf 6415. ^©rtiT, *E%TttE®iISt:J:bT TiNi 7 7 ^-©SEMSist;©, 
HC1, H2S04, HF+HNO36TW ofc. f ©#, CFRP 7"'J 7"bXbtI®i^
-cesaifi^ftSfli©, -*© TiNi 77*-@®&» CFRP TS^tTOSSiSb, SEM 
t;±bTTl'&ttS©W»rffir© TiNi 77*-6 CFRP ©#EK#&##-f 6 b 5 5# 
ic©7F77 h*»icJ;oT#ffi*S^©&a/gbfc. SEM ES©#S$, TiNi 7 7*-©
*@mm&muTv^A© CFRP #e##bFbo, net, h2so,. hf+hno, tc^bTSBM

CFRPiS^tif4©i8-er, TiNi 77 *-t CFRP ®^Bfb5S**|5f6;*'#ft*T', 
TiNi 77*-£ CFRP ©#iS1*J®75S&#5n;t. -fit, TiNi 77*-#©&©. CFRP 
fl^tiT4&71JFT7 M»b£bT%B*S**6«;t L, ^©jg*SB 1. 1.4-5 (Ok 
bit. *Sfflffi$l©!it®M-(cFbo, ESBifflliSff o tt$S>t©±SS.
tglPb, *t'--N" K HF+IINO3N J; 5 % ® IS A :b /)* 15 % iff jn in

tt, HI. 1.4-6, H 1. 1. 4-7 Ib^b/t SEMK*^6, SESBMb S o T TiNi 77 
^-©SBttS^'tilnb, CFRP ®« 5 ©if£*B«6illnS*5 5 t i ft b 3i 0 & *£ £ 
6bitb LfcK*l:git5 fc©i#A btl5.

H 1. 1. 4-4 SltltLfctSffl SEM 1. 1. 4-5 #B5$S

a • • ‘in KM*'AS
H 1. 1. 4-T *S BM©TiNi'©SB

« ■■' ' ': . '

1. 4- 7 hf+hn0s®$1© TiNi ©SB
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1.2 iSefitt'H

i. 2. i . fifiwfflj fi>x h iy—ipum
¥»£ 12 ftgttXftEltXx-XX XT,

• tltttft©ltiSiEffi
• net sib

• B@l:ttft5Ffg#E^&
• §15 ttlSi jit Hi St

©Wititts Xlt'ES • ffsESait Xfc„
X ti tc it X,

(DBffi'HS. fiftfi, BgXft;!/, #©±$l#5c*3j;tX#StiX:, SKife
g», mm, if&esxtx, s bic, itmxm. x
X-7I-X, ±65 • TI • tjffl • BBtoS-Xftft'xtoEltBsjt ^SigLfc. $ 
6 1C, &/tX5t©#j@#X. XftXKJS, t>+i-/77fai-
X©SBB43± OTx D & mm tc X fc.

(2)
X fc„

(3) l+HHBSiftitLfc.
(4) S9#©#jgj3J:tXB5c, il # 8 B 45 ± y: It SI® fl ©f±ti, liittg XT 7X h £ES 

Vtc -
(5) ft XX hX-Xa x • x-TftwMiittiS;, A##AI:itft5#m#, filtx-

XXX, It SJ * i£ 45 ± $ X ?£ 6 E S X ± =
(6) 6 o©Xt XX h X-Xa X • X-vet;, liBBto, F#§Bti, ffffltlB, Mitl 

B, ®#X-X, #&%*(: Lit.
(7) ±ffi, ffllffi, T@©S-/tXm(Cffiijt"5¥B/tX;i/fc©©T, Sitt#iS!ilt#yift
sstt-siitx. txx45xy,'xxxx%-x©@Ajx»45jcammum, #©R

JXXt:4D, S*Elt©Be&i$fiKUfco

i.2.2 r@# . ##@*j ±±xx x x-xiist
¥® 12 ft$tt$*EIf7x-Xi: XT,

• Si It fit Hi ft © tt ti
• B#X4tft6F##E5£@
• #t ii ft © It SB B @ 

si St 4% B
• lit®*®

©BH«ft45 ±rt'E£ • ftfiEX BgX Xfc„
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(1) a a * » mi e ji m, rfr m a » (Eft w # r - x m n a m,
mmm&m, o&maizmtonnmffi,mzwmzvit. s etc.
ffl 5£ ft 4 ft > ft * £ n 7 X ft =L x — 37 © II S & b ft a ffi ;l SScJi:, Sfi H m (c M f ft#i 
1 1ft H, fife 0 ft NIELS.

(2) « a i* 0 « ® t* it, SB s « t® * ± ft ii m » », n a s tr an ic £ ft m m - w » # <$ e ft # 
w tc a a < 7 u - a * ft ft x l u > x m ± s et s, oKB*«kV m « • a s , m m m 
vwvt • *7c#&m&L, itaBnssfffieufc,

(3) «aff<»$S*ii, Eli • tSfflligi'tt, l+aiSE(Of±S, b
ft tc L ft: „

(4) as«s«t««. Fir $1+ SI ft* - X * =k ft if SI ft ii, #&#*(: wt.
tt-hfft J: 9 , **Elt© SllftiSfi® Lftc.

1.

ft

8
ff

ar itai Bi itu,

T

3 Id m
• IHiWS'Jj *4; ft-r@« • Elifi«j ©2^©a»ftbftcftft'ftxxh 

XtitJSitt, ftfiK 12 ¥$ft43VFTX*EI+S5c7 Lft„ &ft 0#a#:ft* LT. Ii 
gtS®, fSitftiiNf ftOUWILftE ft ft (efts® ft It oftc. r-OVy’v b© 

ft UTS ft*, *$-S*©l5®lES&#ic't 
MKIt7x-Xi UT, 2 ffl$l©|it|it#:©SjSH@&|ftfi8T5 ft ft ft

?ft5. Sftc.aiSitHLTtiil 
+ x ran • SSilSSaSb a^Ttt, IS lit ft ft Eu

tt$*E!t!S©

11 3- «/t T ft & ft ift t -r 5 ® 3, m ft
ftfts®L, SS.EftCui^Tft-

2. w**u/Tj : IS, Xto, #*#©%«

2. 1 WiEfSS • I*S
(1) SE$, TEWI4I4 •-HitXXftAroWiSIlfSj >X h ¥/$
12m 2 &####, (#) H*ss?fflii^, 2000 
# 11 n is b, *m

(2) K« Sft, /|\# #IX, ft# as, ftjnlill-, “SftftX h L-XH®:", S 2 @ 
rEMtis • fiigftxsftj ftftSvxs, (M)
6, 2000 ft 12 n 6 a, jfOK

<3)s«, "r%ag## - #mxxsftj ¥;$ 12 #se 4 @ sampe-
Japan S5e«Si$EtSS, 2001 # 1 14 170, $»:

(4) T. Miyazaki, “The Concept Demonstrator Program of the “Smart Materials and 
Structures System" Project in Japan” , US-JAPAN SYMPOSIUM ON SMART MATERIALS. 
MET I and OFFICE OF NAVAL RESEARCH, USA, March, 200 1, Newport Beach, CA, USA

(5) Byung"Koog Jang, Nobuyuki Toyama, Ja Ho, Koo and Teruo Kishi “Mechanical 
Properties and Manufacturing of TiNi/CFRP Smart Composites” 10th iketani 
conference on materials research toward the 21st century, June
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26-30,2000, Karuizawa, Japan
(6) Byung-Koog Jang, JaHo Koo, Nobuyuki Toyama, Yoshio Akimune and Teruo 

Kishi “Influence of lamination direction on fracture behavior and mechanical 
properties of TiNi SMA wire embedded CFRP smart composite s”SPIE’s 8th 
Annual International Symposium on Smart Structures and Materials, 4 8 March 
2001, Newport Beach, California USA

(7) 3# Ja Ho Koo, t# m#“TiNi/CFRP#^##(D^#
CFRP ##^[o](D^#"2001 2001 ^ 3 H 28

B-30B,
(8) Ja-Ho, Koo, Byung-Koog Jang, Nobuyuki Toyama and Teruo Kishi, “Embedding 

Effect of SMA Wire / Optical Fiber on Damage Zone of CFRP by Acoustic 
Emission Signal Analysis” 10th iketani conference on materials research toward 
the 21st century, June 26-30,2000,Karuizawa,Japan Ja Ho, Koo, Nobuyuki 
Toyama, Byung-Koog Jang and Teruo Kishi “Acoustic Emission Signal Analysis 
on SMA Wire / Optical Fiber Embedding CFRP” 15th International Acoustic 
Emission Symposium, September 11 14,2000, Tokyo, Japan

2. 2
(1) Byung-Koog Jang, Nobuyuki Toyama, Ja Ho, Koo and Teruo Kishi,“Mechanical 

Properties and Manufacturing of TiNi/CFRP Smart Composites” Journal of 
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— Summary —

The comprehensive investigation and research aims to integrate and manage 

research and development of the project toward the originally designated object as a 
whole, in respecting and activating the respective four-university research centers.
In principle, more importance has been put was than last two years to the 

promotion of common understanding of final target of the project by making 
cooperation tighter and denser among the consortium of the project, with holding 
the technical steering committee to check and review the respective research and 
development of the project in relation to the scientific and technological information 

of the other research inside and outside the country. The monthly reports of all 

research groups were edited and distributed to all members related to the project to
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understand the status of the current activities of the project. In addition to the 
above, the research center technical meetings were held periodically in order to 
grasp the progress of the research and to understand the general direction of the 
advancement of project by the respective researchers.

It has to be mentioned here, too, that “ Smart Materials Symposium 2000”(2nd 
symposium of the Project) was held on 5th and 6th of December at TEPIA Hall, 
TEPIA Foundation, Tokyo to make presentation and discussion by researchers 
and to give an opportunity for them to communicate each other and also with all the 
related people. There have been totally 33 presentations, 5 panel discussions in 
addition to the keynote speech by Professor Fu-Kou Chan, Stanford University and 
the final review of the current project by the project leader, Professor Teruo Kishi. 
Over 200 people in all has participated and enthusiastic presentations and 
discussions been carried out all the time.

In addition, investigation on the information of research and development of 
the related fields inside and outside the country has been promoted and 
complementary researches on the special themes have been entrusted to other 
university laboratories.

Further, RIMCOF participated in the SPIE symposium, the largest 
international symposium of Smart Structures and Materials in the world, held in 
March 2001. Information and comments were discussed with participants at 
Exhibit Booth where research activity and outcome of the project were displayed. 
The exhibition was successfully closed after more than 200 people visited the Booth.
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